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ABSTRACT
Interactions of Vanadium Compounds with Reducing Equivalent s:
Involvement of Free Radicals and Possible Mechanisms
of Toxicity
by
Randal J. Keller, Doctor of Philosophy
Utah State University, 1988

Major Professor: Dr . L. H. Piette
Department: Interdepartmental Program in Toxicology

Vanadium compounds have been reported to cause numerous to xi cological effects including NAD(P)H oxidation and lipid peroxidation.
The purpose of this thesis is to determine the active form of vanadium
in causing these effects, and to determine any possible free radical
involvement in these processes.

Vanadium-stimulated oxidation of NADH

was studied spectrophotometrically and by electron spin resonance
spectroscopy.

In 25 mM sodium phosphate buffer at pH 7. 4, vanadyl ,

(V(IV)), is slightly more effective in stimulating NADH oxidation than
was vanadate (V(V)).

Addition of a superoxide generating system,

xanthine/xanthine oxidase,

results

in a marked

increase in NADH

oxidation by vanadyl, and to a lesser extent, by vanadate. In contrast, addition of hydrogen peroxide did not change the NADH oxidation
by vanadate, but greatly enhanced NADH oxidation by vanadyl . Use of
the spin trap DMPO

in reaction mixtures containing vanadyl

and

hydrogen peroxide or a superoxide generating system resulted in the
detection by ESR of hydroxyl radical .

Hydroxyl radical was al so

viii
detected in the system containing vanadate p1 us superoxide.

It was

found that superoxide is capable of reducing vanadate to vanadyl, and
that

vanadyl

is

capable of reaction with

hydrogen

Fenton-like mechanism to produce hydroxyl radical.

peroxide

in

a

Hydroxyl radical

is suggested to be the active species involved in NADH oxidation .
Other reductants,

such

as

thiols,

vanadate-stimulated NADH oxidation .

are

also capable of supporting

The above results

indicat that

ability of vanadium to act in a Fenton-like mechanism is an important
process in the vanadium-stimulated oxidation of NADH.
Vanadyl was

found to be the active form of vanadium involved in

initiating and stimulating lipid peroxidation in purified and partially purified fatty acid micelle preparations.

Hydroxyl radicals

were shown to be involved in initiating diene conjugation when vanadyl
and hydrogen peroxide were added together in the reaction mixture.
Furthermore,

hydroxyl

radicals were

shown

to

be generated

in the

vanadyl-catalyzed decomposition of fatty acid lipoperoxides.
The results of this study i ndi cat that the abi 1 ity of vanadium
compounds to oxidize NADH and to stimulate lipid peroxidation are
re 1 a ted by the common mechanism of hydroxyl radi ca 1 production
the reaction of vanadyl with hydrogen peroxide.
(125 pages)

from

INTRODUCTION

Information

on the biological effects of vanadium compounds has

rapidly accumulated in the last decade, with contributions
from a variety of disciplines.

The research

coming

on vanadium ha s been

summarized in several recent reviews (Boyd and Kustin, 1984; Chasteen,
1983; Erdmann et al., 1984; Jandhyala and Hom, 1983; Lagerkvi st et
al ., 1986) .

Vanadium has attracted interest

due to

adverse effects of the metal (Waters, 1977).

well-documented

Vanadium is widely

di stributed in nature and is the tenth most abundant biologicallyactive element.

Increased utilization of fossil fuels and

mining and

processing of vanadium have led to eleva ted vanadium levels in the
environment (Parker et al.,

1978).

The consequences of increased

exposure to vanadium compounds are unknown.
Renewed interest in vanadium compounds began in 1977 when Cantley et
al.

(1977)

found that vanadium (V)

is a potent inhibitor of the

(Na,K)-ATPase found in Sigma grade ATP derived from equine muscle.
Vanadate (vanadium in the +5 oxidation state) inhibits ATPase activity
while vanadyl

(vanadium in the +4 oxidation state) has no effect.

Later work by North and Post (1984) demonstrated that vanadium in the
+4 oxidation state is also capable of inhibiting the (Na,K)-ATPase.
Since vanadium has been reported to be an essential trace element
(Hopkins and Mohr, 1974) with an unknown physiological role, speculation arises that vanadium may be an internal
(Na ,K )-ATPase.
physiological

regulator of the

Although this particular hypothesis has not revealed a
function,

it has

been the stimulus for many studies

involving the effects of vanadium compounds on a variety of enzyme

systems (Jandhyala and Hom, 1983) .

Vanadi urn has proven to be a

useful biological probe of glucose metabolism, hormonal action, renal
and bladder function, the sodium pump , muscle contraction and manic
depressive ill ness with reports of new effects appearing regularly
(Chasteen, 1983) .
Mechanisms of vanadi urn toxicity are unknown.

However, current

research indicates that many of the toxic effects observed with
vanadium are also observed with oxygen toxicity and with other
transition metals

(Halliwell

and Gutteridge,

1984) .

In

oxygen

toxicity, some of the observed effects are NAD(P)H oxidation and lipid
peroxidation (Chance et al . , 1979). The toxic effects of transition
metal compounds have been postulated to be due to their ability
generate hydroxyl

radicals in vivo (Goldstein and Czapski,

Halliwell, 1987; Halliwell and Gutteridge, 1984) .
metals,

1986;

Reduced transition

either free or bound to macromolecules,

can react with

hydrogen peroxide to produce the highly reactive hydroxyl radical
(Goldstein and Czapski, 1986).
A toxic effect of vanadium which is similar to that of active oxygen
is the ability to deplete NAD(P)H.

A vanadate dependent NADH oxidase

has been reported to occur in membranes (Erdmann et al., 1979; V'ijaya
et al., 1984).
exhibit decreased

Bruech et al. (1984) have shown that mouse 1ivers
levels of GSH,

injection of vanadate .

NADH and NADPH following

In the same report, a perfused 1iver system

exhibited a dose-dependent oxidation of
vanadate .

i . p.

Jones and Basinger (1983)

pyridine nucleotides by

found vanadate toxicity is

decreased or eliminated following coadministration of a reducing agent
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such as glutathione or ascorbic acid.

These studies indicate that

vanadate can disturb the cellular redox potential in vivo , and that
vanadate toxicity may be attenuated by supplementation of redu cing
equivalents.

Additionally,

vanadium compounds

bolizing systems in vitro and in vivo .
metavanadate
ass ays

alter drug meta -

Beyh l ( 1982) found ammon i urn

has differential effects on

mixed fun ction oxida se

with IC50 (fifty percent inhibition) values ranging from 8 nM

t o 10 mM .

Heide et al . (1983) found

vanadium

inhibit s dr ug demethy-

lation i n vivo , and speculated that vanadate may di sturb the redox
state of liver cells, thereby diverting electrons from cytochrome
P-450 .
There have been several

proposed mechanisms for the vanadate

stimulated NADH oxidation (Bruech et al., 1984 ; Darr and Fridovich,
1984 ; Keller et al . , 1988; Vijaya and Ramasarma, 1984) . A common
in each is

link

formation of free radical intermediates which could lead

to l ipid peroxidation (Lai and Piette , 1978) by both initiation and
propagation

reactions .

The

unsaturated

fatty

acids

that

undergo

peroxidation are important constituents of biological membran es.

If

the integrity of the membrane is disturbed, structural and functional
deterioration may result (Kappus, 1985) .

Some known biochemical

effects of lipid peroxidation include changes in the endoplasmic
reticulum, release of hydrolytic enzymes and alteration of microsomal
enzymes . Ultimately, these effects can lead to cell death or disease
processes, such as carcinogenicity (Troll and Wiesner , 1985) .
There have been numerous reports relating vanadium and carcino geni city .

Vanadium may inhibit chemically-induced carcinogene s i s
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(Thompson et al . ,

1984) .

Rats treated with the carcinogen 1-methyl-

1-nitrosurea and fed a diet supplemented with 25ppm

vanadyl sulfate

show reduced cancer incidence, reduced numbers of cancers per rat, and
prolonged cancer-free time. Vanadium compounds have been shown to
affect DNA metabolizing enzymes (Sabbioni et al. , 1983) , as well as
to stimulate DNA synthesis in cell culture (Carpender, 1981 ; Jones and
Reid , 1984) .
The above effects indicate that vanadium toxicity is related to free
radical generation. I therefore examine several known vanadium effects
to test for radical involvement.

The first portion of this study

deals with determining the mechanism of NADH oxidation by vanadium .
The reduced pyridine dinucleotides are important cellular constituents
for reductive power.
ATP,

NADH is utilized primarily for the generation of

wh i 1e NADPH is used for reductive biosynthesis .

It

is of

interest to determine how vanadium interacts with these compounds to
lead to subsequent oxidative stress.

It has been unclear how vanadium

oxidizes these compounds, and this study utilizes spectrophotometric
and ESR techniques to determine the active form of vanadium in
catalyzing NAD(P)H oxidation, and how radicals are involved in the
reaction .
Intracellular substances which are generally involved in oxidative
stress include the endogenous toxicant, superoxide, hydrogen peroxide
and thiols.
transition

Each of these substances has been shown to interact with
metals

to

produce

reactive

intermediates.

The

second

portion of this study examines how the presence of these substances
could augment or attenuate NAD(P)H oxidation by vanadium, and if these

5

effects could

be altered

by radical

scavengers.

Spin-trapping

techniques are utilized to determine if hydroxyl radical was involved
in the oxidation.

Superoxide is known to reduce both iron and copper,

and the reduced meta 1s are then capable of reacting with hydrogen
peroxide to produce hydroxyl radical (Halliwell and Gutteridge, 1984).
Although thiols are generally believed to be antioxidants, they are
also capable of potentiating radical reactions.
Finally, the third portion of this study examines the effects of
vanadium on lipid peroxidation.

Whenever radical reactions occur,

chain propagation reactions potentiate the process and lead to wider
bi o1ogi ca 1 damage.

Si nee this effect is consistent with the known

toxicity of vanadium, I examine in detail the active form of vanadium
in this process, and the role of radicals. Attempts are made to relate
these effects to the in vivo process.
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REVIEW OF THE LITERATURE

Vanadium was discovered in 1831 by the Swedish chemi st Nil s Gabriel
Sefstrom .

Due to the rich colors of the derivative s from thi s new

element, Sefstrom named it vanadium, in honor of Vanad i s , the godde ss
of love and beauty of Norse mythology. In the century and a hal f that
vanadium has been known, its biological effects have been

so poo r ly

understood that it has been suggested to be both a cure for sy phili s
and a cause of manic depres s ive illnes s , along with many other unusual
biological effects (Lagerkvist et al. , 1986) .
po stulated

to

be essential

in

trace

Vanadium ha s been

quantities,

therapeutic

in

pharmacological doses, and toxic in excess.
Vanadium is widely distributed in nature .

The average concentration

in the earth's cru st i s ISO ppm, making it the tenth mo st abundant of
the elements having a biological role (Chasteen , 1983) . Vanadium i s
found in low concentrations in virtually all soils, water , air , plant
and animal tissues . Vanadium is particularly concentrated in cer tain
coal

and petroleum deposits,

airborne

vanadium

a

with level s approaching 1%, making

significant

byproduct

in

energy

(Lagerkvist et al., 1986) . As environmental pollutants,

production
only mercury

and lead show a greater percent intake from air than vanadium in
humans (Waters, 1977).
Exposure to vanadium in the work environment has provided the only
known cases of human poisoning .

Toxicity generally occurs in situ-

ations where dusts of fumes containing vanadium compound s are inhaled.
The current TLV- TWA (maximum exposure for an 8 hour day) l imits are

0. 05 mg; m3

(Lage r kvist et

al . ,

1986).

Industrial

use and human

ex po sure to vanadium ha s been the subject of numerou s revi ews (Stokinger,

1982 ; Waters ,

1977) . The major uses of vanadium are

in

production of special steel s and non-ferrous alloys and as catalyst s
in polymerization processes .
It ha s long been con s idered that vanadium is an ess ential micronut r ient , although a biological function for the metal has not been
shown.

The widely -cited study by Hopkins and Mohr (1974) showed

effects in rats from vanadium deficiencie s (decreased fertility and
increa sed perinatal mortality) only in the fourth generation .
et al .

Nechay

(1986b) reviewed the literature concerning vanadium ess en -

tiality and noted vanadium has such a high level of pharmacological
activity that essentiality is difficult to establish . No evidence to
date i s sufficient to classify vanadium as an essential micronutrient .
A role for vanadium has been found to occur in certain algae and
bacteria (Wever et al . , 1987).

Vanadium has been shown to be a

pro sthetic group in bromoperoxidases involved in the bio synthesi s of
halogenated compounds in brown seaweeds, and has been found to be
required

for

nitrogen

fixation

in Azotobacter vinelandii,

as an

alternative to the conventional molybdenum requiring process (Wever et
al . , 1987) .

Chemistry of Vanadium

Vanadium is an element in the first transition series group Vb of
the periodic table of elements .

Like other Vb member s, niobium and
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tantalum,

vanadium has five valence electrons of electronic con-

figuration 3s23p63d34s2 .

Vanadium has multiple oxidation st ates, but

only the +3, +4 and +5 states exert biological effects.

The +3

oxidation state is prevalent in the blood of tunicates in cells called
vanadocytes (Kustin et al., 1983},

but in mammalian systems, vanadium

is present in either the +4 or +5 oxidation states.
In bi ol ogi cal systems, the chemical environment encountered by
vanadium is

an aqueous

solution around

standard temperature and

pressure , pH 6-8 with an ionic strength of 0.17 M.

Under these

conditions, many of the biological effects of vanadate are due to its
ability to compete with phosphate (Boyd and Kust in,

1984).

The

effects of vanadyl are largely due to competition with other divalent
cations for ligand binding sites .

Additionally, vanadium is the only

element that changes from a negative ion to a positive ion upon
reduction under physiological conditions (Boyd and Kustin, 1984) .
Vanadium in the +4 oxidation state is known as vanadyl , and exists
as the oxovanadium, vo+2 ion .

Vanadyl ion is the most stable oxy-

cation known of the first row transition series (Chasteen , 1981).
This ion forms strong complexes with a variety of ligands and numerous
proteins.

Unlike other metal

ions, one coordination position is

always occupied by the vanadyl oxygen.

For this double-bonded oxygen,

the exchange halftime is quite long, approximately 6.5 hours , while
the loosely bound water trans to it (in aqueous solutions) exchanges
with a halftime of about lo-lls (Rubinson, 1981) .

In solutions above

pH 2-3, unchelated vanadyl tends to air oxidize (Chasteen, 1981).
Typical complex geometries for vanadyl are square bipyramidal, square
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pyramidal and trigonal bipyramidal, with the latter being quite rare.
Vanadyl can be detected by electron spin resonance spectroscopy (ESR)
due to the coupling of the unpaired electron with the Sly nucleus
( !=7/2) .
The chemistry of vanadium in the pentavalent (+5) oxidation state is
extremely complex.

In the physiological pH range (6-8), the vanadates

HzV04- , HV042-, HV2073-, and V3093- are dominate. With concentrations
less than 1 mM, only monomeric species are common (Boyd and Kustin ,
1984). Whereas vanadyl remains six coordinate over the entire pH
range, vanadate goes from four coordinate in base to six coordinate in
acid.

As vanadate solutions increase in acidity,

dominates.

the cis-V02+

At pH 7.4, equilibrium between V03-;vo2+ occurs at a molar

ratio of 6.3 x 107 (Rubinson, 1981).

Chelators, such as EDTA, bind

only the cationic form.
Many of the biological effects of vanadate have been attributed to
its close structural relation to phosphate.

The VO bonds are 0.17 nm

as compared to 0.152 nm for the P-0 bonds in orthophosphate .

Addi -

tionally, vanadate is able to adopt a trigonal bipyramidal structure
resembling the transition state of phosphate. Vanadic acid H3V04 (PKa
=

3.5, 7.8, 12.5) is a weaker acid than phosphoric acid H3P04 (PKa

=

1.7, 6.5, 12.1) and may be a partial reason why vanadate preferentially binds to phosphatase enzymes. Chasteen (1983)has mentioned that
except for studies on enzyme inhibition by vanadate, no work has been
done on vanadate binding to proteins. Vanadium will exchange its inner
coordinating

sphere (containing the atoms bound directly to the metal

ion) with other ligands 106 to 107 times more rapidly than will phos-

10
phate (Rubinson, 1981) .

Pho sphate is labile only in the outer sphere .

Because thi s difference is so pronounced, it i s unlikely that vanadate
and phosphate will have similar bi o1ogi ca 1 effects except for ani on
transport.
Rubinson (1981) has reviewed the relevant chemistry of vanadium in
biological systems. Extracellularly , vanadium exists mainly as vanadate . Intracellularly , vanadium exists exclusively as vanadyl .
entering the cell
reduced and bound .

th r ough

anion transport channels,

Upon

vanadate is

Binding con stants for vanadyl and intracellular

constituents have been determined (Nechay et al. , 1986a) , and ap parently phosphate binding (ATP, ADP or P04-3) is largely responsible
for intracellular accumulation of vanadium .

Toxicity of Vanadium

Little is understood about the initial events leading to vanadium
toxicity .

The to xi city of vanadi urn is dependent upon the route of

administration and the specific form of the metal .
generally high parenterally,
respiratory route.
vanadium (V)

low orally and

Toxicity

intermediate by the

increases with

is the most toxic .

Toxicity is

oxidation

number;

There is considerable species

specificity for the toxic effects of vanadium . Rabbits, guinea pigs
and horses are quite susceptible, while rats and mice are les s
sensitive (lagerkvist el al ., 1986).
In rats and mice, the following LDso (14-day) values were determined
by Llobet and Domingo (1984) : vanadate 98 .0 mg/ kg (rat s ) and 74.6
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mg/kg (mice) when given orally, and 18 . 4 mg/kg (rats) and 35.9 mg/ kg
(mice) when given i.p . ; vanadyl, 448.0 mg/ kg (rats) and 467 . 2 mg/ kg
(mice) when given orally, and 74 . 1 mg/ kg (rats) and 113 . 0 mg/ kg (mice)
when given i.p .

In thi s study, the clinical signs observed included

dyspnea , diarrhea, ataxia and paralysis of the hind legs.

Wei et al .

(1982) described similar physical symptoms when mice were administered
20 mg/ kg vanadate subcutaneously.

This dosage led to high mortality

rates (45 - 73%) and post-mortem examination revealed severe necrosis in
lymphoid tissues (thymus, spleen, lymph nodes, and Peyer's patch) ,
with the thymus the mo st severely involved .
showed widespread

The pulmonary parenchyma
Renal

intraalveolar hemorrhage .

acute tubular

necrosis was also observed and was most severe 25-40 hours after
Wei

vanadium administration .

et al .

(1982)

also

reported that

vanadate toxicity could be reduced by acidification of the vanadium
solution . There is 1 ittle information available on the reasons for
lessened toxicity with

the

reduced compounds,

or with acidified

vanadate .
Mitchell and Floyd (1954) showed that ascorbic acid or ethylene
diamine

tetraacetatic

poisoning .

acid

are

effective

antidotes

for

vanadium

Jones and Basinger (1983) compared a series of chelators

and reductants in their ability to attenuate vanadate and vanadyl
to xi city, and reported that ascorbic acid appears to be the most
promising for human use.

A corroborative study by Domingo et a1 .

(1985) reported that ascorbic acid, tiron and deferoxamine are the
most effective anti dotes for acute vanadate i ntoxi cation .
ani st i c reason for this

No mech-

protective effect has been proposed , but
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chela tors and reductants have been reported to alter vanadi urn di stribution, excretion and cellular uptake (Domingo et al . , 1986; Han sen
et al., 1982) .
Vanadium toxicity ha s been examined in several cell systems.

Wei

and Mi sra (1982) reported that bovine pulmonary alveolar macrophages
are extremely sensitive to vanadium toxicity .

Schiff and Graham

(1984) reported similar effect s on hamster tracheal epithelium expo sed
to vanadium of fly-ash. These studie s suggest reason s for initial
pulmonary toxicity .

Bracken and Sharma (1985) showed that vanadium

concentrations of 0.02 to 0.5 mM result in 15-60% cytoto xicity in
bovine kidney cells .
Numerous sublethal studies have been done on vanadium compounds, and
can be found in the reviews previously mentioned.

As a general rule,

toxic effects include irr i tation of the respiratory muco sa, a hemorrhagic response , asthma type bronchitis , vascular changes , cardio vascular effects, neurological symptoms, toxic nephritis, disorders of
protein met abo 1ism, and impaired a1veo 1ar macrophage function.

The

major symptoms of toxicity in man are caused by exposure to vanadium
dusts or fumes.

Some effects include respiratory change s, dermatiti s ,

blood changes, nervous symptoms, and "green tongue".

The green tongue

is cau sed by the pentavalent salts being reduced to the green vanadium
(III) state (Lagerkvist et al ., 1986) .
An unusual toxic effect of vanadium that has resulted in approximately twenty publications since 1982 is the role of vanadium in manic
depressive illness . Dick et al . (1982) reported that plasma vanadium
level s are significantly higher in depressed patients than in normal
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control s.

The rationale behind the theory of Dick et al . (1982) i s

that vanadate inhibits the Na , K-ATPa se in depres sive illness and
agents which reduce or chelate vanadium (ascorbic acid , methylene
blue, EDTA , lithium) reverse Na , K-ATPa se inhibition.

Naylor et al.

(1987) ha s linked vanadium concentration to changes in sodium transport which occur in depre ssi ve psychosis . An alternative explanation
is that vanadium directly effects brain neurotran smitters .

Witkowska

and Brzyzwiski (1979) showed changes in brain amines during vanadium
poisoning, and Sharma et al. (1986) reported that vanadium in drinking
water decrease s brain neurotransmitters . A recent report by Catalan et
al . (1987) indicated that vanadate is able to alter the composition of
brain lipids .

Search for the Vanadate-Dependent
NADIPlH Oxidase

A vanadate dependent NADH oxidase was first reported by Erdmann et
al . (1979) in purified calf cardiac cell membranes with high (Na , K) ATPase activity.

The original intent of the assay was to measure

ATPase activity by coupling ATP hydrolysis to the oxidation of NADH
through pyruvate kinase and lactate dehydrogenase .

Although vanadate

is a potent inhibitor of ATPase activity, high vanadate concentrations
appear to stimulate the enzyme .

When purifi ed cardiac membranes were

incubated with NADH and vanadate but without ATP, a vanadate-dependent
NADH oxidase could be measured .

Similar results were obtained with

cell membranes from cat ventricles, human heart and human erythro -
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cytes .

NADH oxidation could be increased with vanadate or with

enzyme, but did not occur nonenzymatically .
membrane

NADH-oxidoreductase

complex

of

It was suggested that a
unknown

function

has

a

specific vanadate requirement .
The controversial nature of the report by Erdmann et al. (1979) was
revealed when Vyskocil et al . (1980) reported that a specific enzyme
is not necessary for the vanadate-induced oxidation of NADH .

Vyskocil

et al . (1980) claimed that vanadate alone induces the oxidation of
NADH,

and that this process does not require enzymatic support.

Furthermore , they reported that vanadate-dependent NADH oxidation is
sensitive to the buffer system used.

In subsequent letters to Nature,

Erdmann et al . (1981) and Vyskocil et al . (1981) concluded that the
buffer system is an important source for the discrepancy of their
results; phosphate buffer supports vanadate-dependent NADH oxidation,
whereas imidazole or histidine buffer does not.

These two letters

initiated a series of investigations to determine the nature of the
vanadate -dependent NADH oxidation (both enzymatically and non-enzyma tically), the identification of the active form of vanadium, the
overall mechanism of the reaction, and the physiological or toxicological consequences of this process .
Following the initial report by Erdmann et al . (1979), additional
evidence of the enzymatic nature of the vanadate-stimulated NADH
oxidation was provided by Crane et al. (1980), who found vanadate
stimulation of NADH oxidation in mouse liver plasma and pig erythro cytes.

Menon et al. (1980) showed a similar activity with rat liver
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erythrocytes, and reported that rates of NADH oxidation are much
greater than the corresponding rates of NADPH oxidation .
Ramasarma et al . (1981) were the first investigators to provide
direct evidence for the enzymatic requirement

for the vanadate-

stimulation of NADH by membranes. Several important characteristics
emerged from this study .

Mouse liver plasma membranes have low rates

of NADH oxidation when oxygen is the acceptor,

but addition of

vanadate stimulates the rates to those observed with ferricyanide as
the acceptor.

Boiling the enzyme destroys all vanadate-stimulated

NADH oxidase activity .

Vanadate-stimulated enzymatic activity is not

unique to the plasma membrane,
reticulum,

as smooth and rough endoplasmic

golgi apparatus, and erythrocyte membrane also exhibit

vanadate-stimulated NADH oxidase activity.
preferred

In each case, NADH is

over NADPH by factors ranging from 37 .8 in erythrocyte

membrane to 3.1 in smooth endoplasmic reticulum .

Decreasing the pH

from 7.0 to 5.0 results in at least 10 times greater activity for each
enzyme preparation except plasma and erythrocyte membranes, which show
pH optima of 5. 0 and 5. 5 respectively.

The camp lex nature of the

avera ll mechanism is indicated when the reaction is i nh i bi ted by an
argon atmosphere, superoxide dismutase, catalase or mannitol, suggesting the involvement of oxygen, superoxide, hydrogen peroxide and
hydroxyl radicals in the reaction scheme.
Vijaya et al. (1984) provided evidence for the enzymatic nature of
the

vanadate-dependent

NADH

oxidase

membranes from lysed erythrocytes.

with

uncontaminated

plasma

Extracts from lipid-free pre-

parations of erythrocyte membranes show full activity, indicating that
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the process is enzymatic and not an artifact of lipid peroxidation .
They also reported a stoichiometry for the reaction of one mole of
oxygen consumed for one mole of NADH oxidized and one mole of hydrogen
peroxide produced.

In speculating on the function of this vanadate-

dependent NADH oxidase, Ramasarma and Crane (1981) suggested that the
reaction may be used under conditions of thermogenesis, such as cold
exposure or malignant hyperthermia.

These are the same authors who

observed an increase in NADH oxidase activity, similar to the effect
with vanadate, during the solar eel ipse at Bang alore (February 16,
1980; 92% of totality).
Other investigators have provided evidence for an vanadate-dependent
NADH oxidase.
microsomal

Coulombe et al . (1987) showed that purified rat liver

membranes

oxidase activity.

contain

significant

vanadate-dependent

NADPH

These membranes prefer NADPH as the substrate over

NADH by a factor of greater than 2:!.

The enzymatic activity is

inhibited by superoxide dismutase or catalase.

Purification of the

microsomes on a sucrose linear gradient showed that the greatest
activity is found in the endoplasmic reticulum.
enzymatic system has

also

been found

in

Evidence for the

non-mammalian

systems.

Briskin et al. (1985) reported vanadate-dependent NADH oxidation in
sugar beets.
Evidence for a non-enzymatic vanadate-dependent NADH oxidase was
first reported by Vyskocil et al. (1980).

Ramasarma et al . (1981)

then reported that the rates of non-enzymatic oxidation of NADH by
vanadate increase with
lower pH.

increasing concentrations of vanadate and

In an attempt to describe this mechanism, Vijaya and
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Ramasarma (1984)

found that decavanadate is the active form of

vanadium in stimulating this process.

Decavanadate was referred to as

the yellow solution formed by extraction of solid vanadium pentoxide
with a stoichiometric amount of sodium hydroxide according to the
method of Goddard and Ganas (1973). The reaction has a requirement for
phosphate ions and superoxide involvement as determined by superoxide
dismutase inhibition and their interpretation of spectrophotometric
and spin trapping studies .

They also found that hydrogen peroxide is

the end product of the reaction.

No hydroxyl i nvo 1vement was re-

ported.
Vanadate alone, at neutral pH, has little, if any, ability to
oxidize NADH.

NADH oxidation only occurs in vanadium solutions of

unknown composition (decavanadate), with a reduction in pH, or when
membranes are present.

The presence of membranes 1eads to a pro-

nounced vanadate-dependent oxidation of NADH, and investigators have
concluded a specific enzymatic requirement. However,

none of the

studies with membranes have shown definitively that vanadium has a
direct effect on NADH oxidation.
producers

of

superoxide,

(Goldenberg, 1982).

and

Membranes are known to be active

NADH

oxidases

have

been

described

Cytochrome P-450 reductase, utilizing NADPH as a

substrate, is capable of superoxide production (Grover and Piette,
1981).

The possibility exists that vanadate-dependent NADH oxidation

by membranes reflects superoxide production by these membranes.
Darr and Fridovich

(1984) were first to report that vanadate

stimulates the oxidation of NADH by superoxide radical generated by
xanthine/xanthine oxidase . They speculated that a vanadium-superoxide
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complex is the species re sponsible for NADH oxidation .

In an attempt

to elucidate the active form of vanadium involved in thi s oxidation ,
they studied a series of chelators and their ability to inhibit the
vanadate -dependent NADH oxidation by superoxide (Darr and Fridovich ,
1985) .

This study conclusively showed that decavanadate is not the

active species for NADH oxidation .

They were able to spectrophoto-

metrically titrate the active form of vanadium with desferal, and
named orthovanadate the active species.

Unfortunately, no mention wa s

made that the chelators used specifically bind cations , and therefore
the active species is either cis-V02+, which is negligibly present at
pH 7.8, or vo+2. They also examined the effects of buffers and found,
in

contrast

to

previous

reports,

that

phosphate

is

inhibitory.

Maximum activity is obtained in NaCl, followed by phosphate and Tris.
These studies were disputed by Khandke et al . (1986) , who maintained
that xanthine oxidase a1one is capab 1e of supporting vanadate-dependent NADH oxidation .
Liochev and Fridovich (1986) attempted to determine whether a
vanadate-stimulated NAD(P)H oxidase exists in membranes or if the
vanadate stimulation of NAD(P)H oxidation is a consequence of superoxide production by the membranes.
increases microsomal
NAD(P)H oxidation.

They reported that paraquat, which

o2- production,

increases vanadate-stimulated

NMNH (dihydronicotinamide ribose monophosphate) ,

which cannot be oxidized by membrane oxidases, is not oxidized by
vanadate in the presence of microsomes unless NADPH is also present.
This paper provided strong evidence that vanadate acts as an amplification device for superoxide production by membranes .

When vanadate
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is

present,

superoxide produced

vanadate and oxidizes NAD(P)H.
anism,

by the membranes

interacts with

Since this is a free radical mech-

altering the reaction conditions by increasing vanadate or

decreasing pH increases the chain length (the molecules of NAD(P)H
oxidized per o2- introduced).
Liochev and Fridovich (1985) found that superoxide generated from
photochemical or chemical sources is equally as effective in stimulating vanadate-dependent NADH oxidation as superoxide generated from
In this study, superoxide was generated either photo-

membranes.

chemically, by light irradiation of rose bengal, or chemically, by
infusion of potassium superoxide.

In either case, superoxide dis-

mutase could inhibit this NADH oxidation in a concentration dependent
manner, but catalase at 5 ug/ml (data not shown) has no effect.
proposed

a mechanism

for

vanadate-dependent

NADH

They

oxidation with

superoxide in which vanadate forms a V(IV)-00 complex which is capable
of directly oxidizing NADH.

No references were cited to support the

existence of this complex.
Vanadium complexes with superoxide have been the subject of numerous
studies.

For example, Rush and Bielski (1985) have reported that the

conjugate base of superoxide, the perhydroxyl radical, can react with
vanadium to produce transients.

They found vanadyl, vo2+, and the

mono and diperoxyvanadium(V) complexes, V03+ and Vas-, are able to
form short-1 ived complexes with the perhydroxyl radical.
hydroxyl

The per-

radi ca 1 is a 1so ab 1e to reduce vanadate to vanadyl in a

single step.

No complexes were found when vanadate was not co-

ordinated to peroxide ligands.

Samuni and Czapski (1970) have also
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reported vanadium comp 1exes with the perhydroxyl rad i ca 1 .

Thompson

(1983) has shown indirect evidence for the existence of vo32+ radical,
which may be formally viewed as a complex between oxovanadium(V) and
the superoxide ion. The only fate of this intermediate is an internal
redox process which produces vo2+ and 02 . All of the above studie s
were performed at acidic pH ; the exi stence of vanad i um -s uperoxide
intermediates has not been reported in the physiological pH r ange .
Bielski (1985) has reported complexes of perhydroxyl or superoxide
with iron and manganese in the physiological pH range, and suggested
their existence for vanadium as well .
Liochev and Fridovich (1987a) have reported that vanadium(IV) is
capable of NADH oxidation by a process

believed to involve hydroxyl

radicals. Vanadyl and hydrogen peroxide were shown to oxidize NADH,
and this oxidation was inhibited by ethanol and not by superoxide
dismutase.

They also reported that ratios of vanadate and vanadyl

oxidize NADH by a superoxide mediated process, and that the vanadyl
effects may be due to trace metal contamination .

They speculated that

any reductant capable of reducing vanadate to vanadyl

provides a

source of superoxide generated by the autoxidation of vanadyl . A
further report (liochev and Fridovich, 1987b) showed that NADH could
be oxidized by vanadate plus sugars which apparently are capable of
reducing vanadate.

The vanadyl thus formed oxidizes

to generate

superoxide which then combines with vanadate to form a complex capable
of NADH oxidation.
In conclusion, the data of Liochev and Fridovich (1986) seem to
indicate that no specific vanadate-dependent NAD(P)H oxidases exist.
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The oxidation of NAD( P) H by membranes occurs because of superoxi de
production by these membranes.

The data obtained under the direction

of Fridovich lacks a definitive explanation as to the active species
involved in NAD(P)H oxidation .

Regardless of the mechanism, all

studies on NAD(P)H oxidation by vanadium with or without membranes are
important in understanding the biochemical or toxicological effects of
the metal.

Vanadium and Lipid Peroxidation

Vanadium and numerous other transition metals are capable of
initiating or stimulating lipid peroxidation.

Although iron has been

extensively studied, its effects on lipid peroxidation remain unclear.
Iron's effects may be due to reduced iron, ferric/ferrous ratios, or
active oxygen species generated by iron reactions (Aust and Svingen,
1982 ; Piette et al . , 1984). A similar controversy does not exist for
vanadium, but this is probably due to lack of studies rather than
simplicity of the system.

In contrast to iron, virtually every study

of vanadium effects on lipid peroxidation has used the oxidized form
of the metal, vanadate.
Vanadium was first reported to stimulate lipid peroxidation by
Bernheim and Bernheim (1939).

They found that the addition of sodium

metavanadate to 1i ver suspensions increases oxygen uptake and that
this uptake is due to oxidation on the fatty acid part of phospho1ipids .

This work was virtually forgotten for forty years, until

vanadium became a metal of biological prominence.

Since that time ,
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reports of vanadium action on lipid peroxidation have been reported in
cell systems, tissue extracts and whole animal studies .
Several cell systems have been studied for vanadium effects on lipid
peroxi dati on.

Stacey and Klaassen (1981) compared the effects of

salts of Cr, Mn, Zn, Ni, Pb, Se, V, Fe, Cd, Hg, and Cu on lipid
peroxidation in rat hepatocytes.

They reported that the largest

absolute increase in lipid peroxidation is found in the presence of V
(sodium vanadate),

followed by iron salts. Lipid peroxidation was

monitored by the thiobarbituric acid (TBA) method. They also reported
no cellular injury by vanadate.

Stacey and Kappus ( 1982) compared

salts of vanadium, iron, cadmium and manganese for their ability to
stimulate lipid peroxidation in hepatocytes (measured by both TBA and
ethane production) and found potent vanadium effects in both systems,
concurrent with a rather dramatic drop in cellular glutathione levels.
Human erythrocytes

have been shown to exhibit peroxi dative damage

when exposed to vanadate (Heller et al., 1987).

In this study,

erythrocytes incubated with vanadate show aqueous membrane leaks.
These effects, which are due to oxidative damage from the destruction
of polyunsaturated fatty acids,

are suppressed by oxygen radical

scavengers.
The effects of vanadium on lipid peroxidation in tissue extracts
have been described by Donaldson and LaBella (1983).

The addition of

sodium orthovanadate to tissue extracts from rats and mice resulted in
lipid peroxidation as measured by malondialdehyde (MDA) production.
Brain has the highest rate of vanadate-stimulated lipid peroxidation,
followed by heart, lung, kidney and liver.

It must be noted that the
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results are based on nmoles malondialdehyde/g wet wt tissue, rather
than lipid content of the tissue .

Donaldson et al. (1985)

measured

lipid peroxidation in rats treated with vanadium by injection or by
drinking water.

They reported a large increase of malondialdehyde in

kidney homogenates.

A potential problem with this method is the lack

of distinction between lipid peroxidation in vivo and that which
occurs during

the isolation process.

Inouye et al. (1980) compared

the ability of vanadate to stimulate lipid peroxidation in lung lipid
extracts, liver microsomes and liver mitochondria.

They found very

little vanadate-stimulated lipid peroxidation in these systems.

The

addition of sulfite (chosen because of its wide distribution as an air
pollutant or food additive) enhances vanadate-dependent lipid peroxidation to levels similar to those observed with iron and sulfite.
To date, the only study that suggested vanadyl may be more active in
lipid peroxi dati on than vanadate was done by Svoboda et a l. ( 1984).
They showed that vanadyl is a potent inducer of lipid peroxidation in
brain microsomes, and that vanadate

has no such capacity. This study

was designed to measure Na,K-ATPase activity and does not explain the
mechanistic reasons for this disparity.

They did report that EDTA

inhibits vanadyl-induced lipid peroxidation, and that vanadate is as
potent as vanadyl in inducing lipid peroxidation if a reductant is
present.
Only three studies have assessed the effects of vanadium on lipid
peroxidation in vivo.

Donaldson et al. (1985) showed that injecting

rats with vanadate or putting vanadyl

in drinking water leads to

measurable levels of malondialdehyde in kidney.

Ascorbate eliminates
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these effects.

Harvey and Klaassen (1983) studied lipid peroxidation

in rats using expired ethane as an indicator.
vanadate produces lipid peroxidation

in rats

They reported that
and

is capable of

potentiating lipid peroxidation caused by carbon tetrachloride. Younes
et al . (1984) showed that pretreatment of rats with phenobarbital
increases vanadate-dependent enzymatic 1ipid peroxidation to levels
seven times those observed in non-induced animals suggesting

involve-

ment of the mixed-function oxidase system.
In summary, vanadium clearly has a role in lipid peroxidation .

It

is currently unknown which form of the metal is active in stimulating
this process and if free radicals are involved.

Vanadium. Carcinogenesis and
Cellular Regulation

A role for vanadium in cellular regulation has been implicated but
is far from being understood.

Vanadium is a potent and se 1ect i ve

i nh i bi tor of phosphotyros i ne phosphatases .
as epidermal

growth factor,

insulin,

Ce 11 ul ar regula tors, such

and platelet-derived growth

factor, all activate autophosphorylation of their respective receptors
on tyrosine residues (Nechay et al., 1986b).

Transformed cells have

5- to 10-fold elevation of total phosphotyrosine levels, and certain
oncogene proteins also have tyrosine kinase activity.

Vanadium is a

potent mitogen (Carpender , 1981; Jones and Reid, 1984; Smith, 1983)
and

is

capable of

inhibiting differentiation

of leukemia cells
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(English et al., 1983) and chemically-induced carcinogenesis (Thompson
et a1 . , 1984) .
Vanadium was shown to inhibit chemically-induced carcinogenesis by
Thompson et al. (1984). Supplementation of 25 ppm vanadyl sulfate in
the diet of rats inhibits mammary cancer incidence, the average number
of cancers per rat, and prolongs the cancer-free time of murine
mammary carcinoma of rats injected with 1-methyl-1-nitrosurea.

This

dose of vanadium does not cause measurably toxic effects .

The

mechanism for this cancer-preventative effect has not been elucidated,
but a subsequent paper by the same group specula ted that the effect
may be due to vanadium binding to iron proteins (Chasteen et al.,
1986).

Vanadium binds to both transferrin and ferritin and therefore

accumulates in iron-rich cells.

Neoplastic cells have high iron

requirements, and the delivery of vanadium to these cells may disturb
iron metabolism or directly block the neoplastic process in its early
stages by an unknown mechanism.

Supplementation by other metals, such

as molybdenum or tungsten, have also been shown to inhibit chemicallyinduced carcinogenesis (Wei et al., 1985).

However, supplementation

of vanadium could not decrease 1,2-dimethylhydrazine-induced colon
cancer in mice (Kingsnorth et al., 1986).
Vanadium has also been shown to have chemotherapeutic activity when
administered in a vanadocene dichloride complex.

Vanadocene di-

chlorides have been shown to be active against various animal tumor
systems and in tumor cell cultures.
manner similar to the platinum,
complexes,

The vanadium complexes act in a
titanium,

ferrencium and copper

in that they accumulate preferentially in the nuclear
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heterochromatin (Kopf-Maier and Krahl, 1983) and seem to exert their
effects on DNA directl y.

Application of vanadocene complexes to tumor

cell s arrests cell growth at the G1 /S phase (Kopf-Maier et al ., 1983).
Whil e vanadium complexes have similar chemotherapeutic value to the
platinum complexes, they exhibit reduced toxicity and accumulation in
the kidney and gastrointestinal tract and do not enter brain
et al ., 1985) .

{Toney

Apparently, antitumor metal complexes of the fir st

transition series exhibit reduced toxicity compared to the platinum
complexes (Kopf-Maier and Funke-Kaiser, 1986).
The peroxo-heteroligand complexes of vanadate also exhibit antitumor activity .

Djordjevic and Wampler (1985) tested the effects of

14 V(V) complexes for toxic and anti-tumor activity against murine
leukemia. These complexes were found to have significant anti -tumor
activity . These authors, by testing a series of chemically-related
compounds,

were able to propose a mechanism for the anti-tumor

activity of peroxo-vanadate chel ates.

The heterol igands are able to

shift the redox potential of V(V)/V(IV) to the point where an intramolecular electron transfer can occur within the complex reducing
vanadate to vanadyl and oxidizing the peroxo group to superoxide .

The

superoxide thus produced can trigger further biological effects by a
variety of mechanisms . A similar effect has been reported by Kuwahara
et al. (1985), who showed that bleomycin-vanadium( IV) complexes are
capable of DNA cleavage in the presence of hydrogen peroxide .
The effects of vanadium compounds on enzymes involved in the
activation of carcinogens have been the subject of numerous studies.
Heide et al. (1983)

showed that vanadium can inhibit drug demethy -
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lation in vivo .

Administration of vanadate causes a decrease in the

amount of 14co2 exhaled using [14c] methacin and 7-[methoxy-14c)coumarin as substrates, whereas vanadyl cannot cause a similar decrease .
The authors speculated that vanadate is oxidized intracellularly,
leading to a decrease in reducing equivalents from NADPH which leads
to a decrease in P450 activity.
blocks this effect.

Pretreatment with ascorbic acid

Bruech et al. (1984) showed that i.p. injection

of sodium vanadate decreases mouse hepatic GSH, NADPH and NADH .
depletion

also

occurs

in

perfused

livers

exposed

to

NADPH

vanadate.

Furthermore, vanadate inhibits ethoxyresorufin activity in microsomes .
Addition of NADPH overcomes this inhibition,

indicating vanadate

inhibition is due to NADPH depletion.

Beyhl examined the effects of

vanadate

on

(1982)

systems in vitro.

and

vanadyl

(1985)

hepatic drug-metabolizing

All mixed-function oxidases studied were inhibited

by both forms of vanadium.

The reported ICso values ranging from 8 nM

for papaverine 0-demethylations to 10 mM for methylayapanine 0demethylations for vanadate , but, as a trend, inhibitions are in the
mi cromo 1ar range.

The above experiments showed that vanadate can

inhibit P450 enzymes either directly or by NADPH oxidation.
There has been a resurgence of interest in vanadi urn effects on
carcinogenesis and cellular regulation.

The discovery that vanadate

could increase the levels of pp6ov-src , the tyrosine kinase encoded by
the Rous sarcoma virus (RSV) in RSV-infected cells (Brown and Gordon,
1984) , resulted in several studies on vanadium effects on oncogene
products and characterization of the pp6ov-src protein (Collett et
al .,

1984).

Ryder and Gordon

(1987)

suggested that vanadate may
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enhance a cellular regulatory mechani sm that inh i bits the activity of
pp6ov- s rc

i n normal

cell s.

Ro se et al .

(1986)

have reported that

vanadate inhibits the recovery of junctional permeability following
cessation of src protein kinase activity and suggested a mechanism
involving intracellular calcium and protein kinase C.

Vanadium is

able to form complexes with calmodulin (Nieves et al., 1987) and to
affect calcium mobilization (Muldoon et al ., 1987).
si milar to those observed with mi togens,
growth factor,

These effects are

phorbo l esters,

epidermal

insulin and guanosine triphosphate (Muldoon et al .,

1987).
The mechanism for the above effects is currently unknown .

The most

thoroughly studied system at this stage is the insulin - mimetic effect.
Vanadate is able to mimic the action of insulin in vitro (Dubyak and
Kleinzeller,

1980)

and

in

vivo

(Heyliger et al.,

1985),

and can

normalize blood glucose levels in streptozotocin-treated rats (Meyero vitch et al ., 1987).

Vanadate and hydrogen peroxide were found to

synergistically increase

insulin-mimetic activity by stimulating a

growth factor receptor binding (Kadota et al., 1987) .

Vanadate also

affects glycolysis and glycogen synthesis (Challiss et al., 1987) by a
mechanism thought to involve oxidation of glyceraldehyde phosphate
dehydrogenase (Ben abe et a l . , 1987) . Tracey and Gresser ( 1986) have
presented evidence that vanadate rapidly esterifies phenol and tyrosi ne with equilibrium constants several thousand times larger than the
corresponding reactions with phosphate.
by

reversible

insulin system,

phosphorylation

of

Systems which are regulated

tyrosine

residues,

such

as

the

may be particularly susceptible to the effects of
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vanadate . An alternate exp 1anation has been proposed by Go 1den berg
(1982) , who has suggested that insulin regulation is controlled by a
redox system, such as a H2D2-producing NADPH oxidase.

Vanadium may

potentially affect the regulatory mechanism by redox reactions.
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MATERIALS AND METHODS

Reagent s

Sodium orthovanadate (Na3VD4) and vanadyl sulfate (VOS04) we re
purchased

from

Fisher

Scientific Co . ,

Fair

Lawn ,

NJ .

Xanthine ,

xanthine oxidase (grade 1) , NADH (grade Ill) , superoxide di smuta se
(SOD , 3, 500 units/ mg) , catalase (11 , 000 units/ mg), gl utathione (GSH) ,
cysteine , cysteamine , dithioerythritol

(DTE), dithiothreitol

(OTT) ,

cytochrome c, ascorbic acid, lipoxidase , Lubrol PX , DMPO (5 , 5-di methyl-1-1 -pyrroline-1 -oxide), EDTA (ethylenediaminetetraacetic acid),
EGTA

(3 , 12 -di(carboxymethyl) -6, 9-oxa -3,12-azatetradecanedi oic

acid),

DTPA (di ethylenetriaminepentaacetic acid), ATP and ADP were obtained
from Sigma Chemical Co . , St . Louis , MO .

The superoxide di smuta se and

catala se

derived

extracts .

preparations

purcha sed

were

from

bovine

liver

Linolenic acid and arachidonic acid were purcha sed from

Nuchek Prep , Elysian, MN , and were used without further purification .
Desferal (desferrioxamine B methanesulphonate) was obtained from Ciba Geigy, Summit, NJ . All chemicals used were reagent grade.
Vanadium stocks were prepared at a concentration of 5.0 x 10-3 M,
and appropriate volumes were added to each assay.

Vanadium solution s

were dissolved in distilled -deionized water and prepared

da i ly .

Vanadyl stocks were adjusted to pH 2. 0 immediately to prevent air
oxidation

(Chasteen,

1981) .

Th i ols were dissolved

deionized water and stored at 4°C .

in di stilled -
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NADH Oxidation

The oxidation of NADH was followed by monitoring the decrease in absorbance at 340nm on a Beckman DU-7 spectrophotometer (Fullerton, CA),
using a molar extinction coefficient of 6.22 mM-1 cm-1. Reaction s were
carried out in 25 mM sodium phosphate buffer, pH 7.4 at room tempera ture in a total volume of 2. 50 ml . At this buffering capacity,
addition of vanadium compounds did not influence the pH.

Oxidation

rates were calculated using a kinetics program from the Beckman DU-7
software.

All reactions were initiated by the addition of 0.18 mM

NADH . All experiments were repeated twice in triplicate determinations. In most cases, the variation in the replicates was less than 5%
standard deviation, and a representative set is shown in the results
section.
The inhibitors of NADH oxidation were added in appropriate concentrations as shown in the results section.

The extent of inhibition

was then calculated by comparison with a camp l ete reaction mixture
analyzed in each set of experiments.

Electron spin resonance studies were done on a Varian E-Line Century
Series spectrometer (Varian Associates, Palo Alto, CA) using a quartz
flat cell

at room temperature.

For vanadyl determinations,

the

following conditions were used. Prior to measurement, all samples were
acidified with 50 ul of concentrated hydrochloric acid to prevent loss
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of signal intensity due to resonance structures (Chasteen, 1981) . The
tot a1 vo 1ume used in each assay was 500 ul .

Reaction vo 1umes were

reduced to 300 ul when the spin trap DMPO was used, giving a fi na 1
DMPO concentration of 100 mM . Specific conditions are given in the
results section. For the fatty acid studies, unless otherwise indicated, all ESR studies were performed in solutions containing 25 mM
sodium phosphate buffer (pH 7.4} , 100 mM DMPO and indicated amount s of
fatty acids and vanadium in 300 ul total volume .

Hydroperoxides were

prepared either by a Fenton -1ike system of 0. 10 mM hydrogen peroxide
and 0.1 0 mM vanadyl, or by the addition of 5000 units lipoxidase .

Anaerobic Determinations

Anaerobic experiments were carried out in a glove bag (Instrument s
for Research and Industry, Cheltenham, PA) under an argon atmosphere .
Each individual reagent was bubbled with argon for 10 min while in the
glove bag .

Cuvettes were sealed under argon prior to spectrophoto-

metric measurements.

Thiobarbituric Assay

The formation of thiobarbituric acid -reactive oxidation products
(TBAR) were determined by the method described by Buege and Aust
(1978) .
ml

Fatty acids (1 . 0 mM) were incubated for 10 min at 37°C in 1.0

solutions containing 25 mM sodium phosphate buffer (pH 7.4) with

the indicated concentrations of vanadium.

The thiobarbituric acid
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solution contained 0. 01% butylated hydroxytoluene (BHT} to prevent
metal-catalyzed autoxidation of lipids during boiling .

After boiling,

the samples were centrifuged at 1,000 x g for 15 min, and the absorbance measured at 535 nm.

A molar extinction coefficient of 1. 56 x

105M-1cm-1 was used for quantitation (Buege and Aust, 1978) .

Stock

solutions of fatty acids were prepared in acetonitrile such that the
final concentrations of acetonitrile in assay mixtures did not exceed
1% (v/ v).

Conjugated Diene Formation

Conjugated diene formation was monitored as described by Piette et
al.

(1984).

Linolenic or arachidonic acid were solubilized as

dispersions in 3.0 mM NaCl and 0.04% Lubrol, pH 7.4 (adjusted by
additions of NaOH or HCl). Reactions were initiated by addition of
vanadium compounds, and the diene formation followed at 232 nm on a
Beckman DU-7 spectrophotometer.

Blanks contained all reagents except

linolenic or arachidonic acid, and absorbance changes resulting from
V(IV) to V(V) conversions were corrected by subtraction.

34

RESULTS

NADH Oxidation by Vanadium
and Superoxide

Fig. 1 shows a comparison of NADH oxidation by the two forms of
vanadi urn in the presence and absence of superoxi de .
oxide ,

Without super-

NADH oxidation is low but vanadyl is slightly more effective

than vanadate .

With superoxide present, NADH oxidation by vanadate

increases rapidly at low concentrations, then levels off. Substitution
of vanadyl in the same system results in a linear increase in NADH
oxidation over the concentrations studied.

Superoxide alone stimu-

lates NADH oxidation less than vanadate alone (data not shown).
Decreasing the pH of the reaction results in enhanced NADH oxidation
by vanadium compounds with superoxide (Fig. 2) .

The chemistry of

superoxide in aqueous media is complex, but it is known that decreasing pH results in an increase of hydrogen peroxide.

therefore

examined the effects of hydrogen peroxide addition to the reaction
mixture and found that vanadate has the same rate of NADH oxidation
with or without hydrogen peroxide .
peroxide stimulates

With vanadyl, however, hydrogen

NADH oxidation in a linear fashion (Fig . 3),

similar to that observed with vanadyl and superoxide (Fig. 1) .
effect of decreasing pH on vanadate stimulated NADH
same with or without hydrogen peroxide.

The

oxidation is the

NADH oxidation increases non-

linearly with decreasing pH for vanadyl plus hydrogen peroxide, and
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FIG . I.

Comparison of NADH oxidation by vanadium compounds in the

presence and absence of superoxide .

Reaction mi xtures contained

vanadium , 0. 18 mM NADH in 25 mM sod i um phosphate buffer , pH 7 . 4, in
2. 50 ml total reaction volume .
125 nmole s xanthine
r eaction .

Fo r the supe roxide generat i ng sys tem ,

and 70 ug xanthine oxidase were used for each
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FIG. 2.

The effect of pH on the vanadium-dependent NADH oxidation in

the presence and absence of superoxide .

Reaction mixtures contained

0. 10 mM vanadium, 0. 18 mM NADH in 25 mM sodium phosphate buffer, pH
7. 4. Superoxide was generated by the addition of 125 nmoles xanthine
and 70 ug xanthine oxidase . Total reaction volume was 2.50 ml .
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Comparison of NADH oxidation by vanadium compounds in the

presence of hydrogen peroxide.

Reaction mixtures contained vanadium ,

and 0.18 mM NADH in 25 mM sodium phosphate buffer, pH 7 .4.

Where

indicated , 0.10 mM hydrogen peroxide was added to the reaction
mixture. Total reaction volume was 2. 50 ml .
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reactions under pH 6.5 are too rapid to measure

(Fig. 4) .

Hydrogen

peroxide alone cannot oxidize NADH.
Electron spin resonance studies demonstrate that vanadyl is oxidized
by hydrogen peroxide.

Fig. Sa shows an .ESR spectrum of vanadyl.

Vanadyl gives a characteristic eight-line spectrum due to one unpaired
d electron coupled to the nuclear spin of 7/2. Vanadate, with no
unpaired d electrons,

has no ESR signal.

Addition of hydrogen

peroxide to vanadyl results in the loss of vanadyl signal, as shown in
Fig. Sb .

Vanadate alone gives the signal shown in Fig. Sc, and the

addition of hydrogen peroxide does not alter the spectrum (Fig . Sd) .
Fig. 5 verifies that hydrogen peroxide is able to oxidize vanadyl to
produce vanadate.
If vanadyl and hydrogen peroxide

act as Fenton reactants, then

hydroxyl radicals should be produced in the course of the reaction . In
the classical Fenton reaction, reduced iron is oxidized by hydrogen
peroxide to produce hydroxyl radical. When the spin trap DMPO is added
to a reaction mixture containing vanadyl and hydrogen peroxide, a
four-line ESR spectrum typical of a hydroxyl radical addition to DMPO
is observed (Fig. 6). From Fig. 3, it can be seen that the rate of
NADH oxidation increases with vanadyl concentration in the presence of
a constant amount of hydrogen peroxide.

The amount of hydroxyl

radical generated, as measured by the peak height of the DMPO-OH
adduct, is also a function of the vanadyl concentration

as shown in

Fig . 7. Controls for these measurements include DMPO with vanadyl or
vanadate alone, and DMPO with vanadate and hydrogen peroxide. The very
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FIG. 4. The effect of pH on the vanadium-dependent NADH oxidation in
the presence of hydrogen peroxide.

Reaction mixtures contained 0. 10

mM hydrogen peroxide and 0.18 mM NADH in 25 mM sodium pho sphate
buffer , pH 7 .4. Vanadate was present at 0. 20 mM and vanadyl at 0. 10
mM. Total reaction volume was 2. 50 ml .
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FIG . 5.

ESR spectra of vanadyl sulfate and sodium vanadate. Vanadium

concentration was 0.20 mM in 25 mM sodium phosphate buffer pH 7.4 .
The samples were acidified with 50 ul of concentrated HCl prior to the
scan, bringing the total volume to 500 ul . a) Vanadyl alone .

b)

Vanadyl plus 0.10 mM hydrogen peroxide .

d)

Vanadate plus 0. 10 mM hydrogen peroxide.
power = 20 mW , modulation amplitude

=

c) Vanadate alone .

ESR conditions : microwave

8.0 gauss, gain = 8 x 103, time

con stant = 0. 25 , scan time = 4 minutes , scan range = 1600 gaus s .
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FIG . 6. DMPO-OH adduct formation from the reaction of vanadyl and
hydrogen peroxide in the presence of DMPO .

Samp 1e contained 25 mM

sodium phosphate buffer pH 7. 4, 100 mM DMPO, 0.20 mM vanadyl and 0. 10
mM hydrogen peroxide .
lation amplitude
sca n time

=

=

ESR conditions: microwave power = 50 mW, modu-

1.0 gauss, gain

4. 0 minutes , scan range

=
=

5 x 102, time constant
100 gaus s.

=

0.25 ,
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DMPO-OH adduct peak height as formed by the reaction of

varying vanadyl and constant hydrogen , peroxide in the presence of
DMPO.

Each sample contained 25 mM sodium phosphate buffer pH 7.4, 100

mM DMPO, 0.10 mM hydrogen peroxide and vanadyl.

ESR conditions :

microwave power= 20 mW, modulation amplitude= 1.0 gauss, gain= 10 x
102 , time constant = 0.25, scan time = 4.0 minutes, scan range = 100
gau ss.
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small DMPO-OH signals detected are several orders of magnitude le ss
than

the

signals

from

comparable concentrations of vanadyl

and

hydrogen peroxide (data not shown) . The small signals present in the
DMPO and vanadate with hydrogen peroxide are 1i kely due to trace
amounts of vanadyl contamination .
An important difference should be noted for vanadate in the data
presented in Figs . 1 and 3. Superoxide stimulates the vanadatecatalyzed oxidation of NADH while hydrogen peroxide does not . To
examine this difference , I tested for hydroxyl radical production in
mi xtures containing vanadate and superoxide . Hydroxyl radical produc tion in this system would suggest direct reduction of vanadate by
superoxide,

followed by a Fenton-type reaction between the newly

formed vanadyl

and hydrogen peroxide

(formed by the spontaneou s

As a check of the superoxide-generating

dismutation of superoxide) .

system , DMPO was used to detect the superoxide formed (Fig . 8).
Superox i de will form detectable adducts with the spin trap DMPO only
in the presence of chelators, and therefore DTPA was included in this
sample .

As a control,

when vanadyl is added to the superoxide

generating system in the presence of DMPO, a 1arge hydroxyl radi ca 1
signal is observed similar in intensity to that shown in Fig . 6.
Fig . 9a is a spectrum of hydroxyl radical produced as a result of the
reduction of vanadate to vanadyl by superoxide and the subsequent
reaction of vanadyl i n a Fenton -type reaction. Hydroxyl radical s , as
measured by the spin trap DMPO, are not produced by vanadate mi xed
with either xanthine alone,

xanthine oxidase alone,

peroxide alone (data not shown) .

or hydrogen
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20

FIG. 8 .

GAUSS

DMPO- superoxi de adduct formed by xanthine/xanthine oxidase .

The sample contained 25 mM sodium phosphate buffer pH 7.4, 33 uM DTPA,
100 mM DMPO, 42 uM xanthine and 70 ug xanthine oxidase . ESR conditions: microwave power
gain

=

=

50 mW, modulation amplitude

1. 25 x 104, time constant

range = 200 gauss .

=

0. 25, scan time

=

=

1.0 gauss ,

4.0 minutes, scan
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I

DMPO-OH formation by vanadate plus superoxide . a) The sample

contained 25 mM sodium phosphate buffer pH 7.4, 100 mM DMPO, 42 uM
xanthine , 70 ug xanthine oxidase, and 0.10 mM vanadate . b) conditions
as i n (a) plus 40 ug/ml catalase . c) conditions as i n (a) plus 40
ug/ ml heat denatured catalase .

ESR conditions : microwave

power = 50

mW , modulation amplitude= 1.0 gauss , gain= 5.0 x 103 , time con stant
= 0. 25 , sc an t ime = 4.0 minutes, scan range = 100 gauss .
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If catalase (40 ug/ ml) is added first to a reaction mixture con taining vanadate and xanthine/xanthine oxidase , there i s significant
reduction

in DMPO-OH adduct signal

intensity

(Fig . 9b) .

Boiled

catalase has no effect (Fig . 9c).
Catalase was found to inhibit the NADH oxidation by vanadate plus
superoxi de in a con cent ration-dependent manner. Tab 1e I shows that
catalase inhibition is measurable at

ug/ ml and can inhibit the

reaction 86% at 100 ug/ ml . Boiling the catalase for thirty min prior
to addition to the assay results in maximum rates of NADH oxidation .
This effect is not dependent on non-specific protein binding, as
addition of 100 ug/ml BSA cannot inhibit the NADH oxidation .

Further-

more, catalase at 100 ug/ml does not affect superoxide generation as
measured by urate production (data not shown).

Other specific

hydroxyl radical scavengers were tested in this system and the results
are presented in Table 2. Mannitol, tris, and thiourea

were found to

inhibit NADH oxidation caused by vanadate and superoxide in a concentration-dependent manner, whereas urea cannot. Urate production i s
unaffected by any of the hydroxyl scavengers at the concentrations
1 i sted, although higher concentrations of thiourea

decrease urate

formation. The difference in the NADH oxidation rates by vanadate with
superoxide and by vanadate with hydrogen peroxide may be related to
hydroxyl radical presence in the former reaction.

47
TABLE I
CATALASE INHIBITION OF NADH OXIDATION BY VANADATE PLUS SUPEROXIDE

nmoles NADH oxidized/5 min

Inhibitor

%

Inhibition

53 . 06 ± 3.24

0

Catalase, I ug/ ml

47.53 ± I. 96

6. 7

2 ug/ ml

41.73 ± 2. 65

18 . 1

5 ug/ ml

34 . 10 ± 1.03

33.1

, 10 ug/ ml

28.75 ± 0.33

43 .6

,20 ug/ml

20.17 ± 0.39

60 .4

, 40 ug/ml

12 .80 ± 0.63

74 .9

, IOOug/ml

7 . II ± 4.89

86 .0

Boiled Catalase,40 ug/ml

55.09 ± 0.76

0

BSA, 100 ug/ ml

58 .09 ± 0. 76

0

none a

aReaction conditions contained 0. 20 mM vanadate, 125 nmoles xanthine
and 70 ug xanthine oxidase, 0.18 mM NADH in 25 mM sodium phosphate
buffer pH 7.4. Total reaction volume was 2.50 mL.

48
TABLE 2
EFFECT OF HYDROXYL RADICAL SCAVENGERS ON NADH OXIDATION BY VANADATE
AND SUPEROXIDE

Inhibitor

nmoles NADH oxidized/ 5 min

%

Inhibition

nonea

60 .05 ± 1. 27

0

Mannitol , 100 mM

50 .83 ± 2.62

15.0

150 mM

42 . 19 ± 0. 59

29.7

200 mM

32 .38 ± 5.45

46.1

250 mM

20 .44 ± 1.51

66 .0

300 mM

16 .30 ± 1.13

72 . 9

400 mM

3.66 ± 1. 50

93 .9

5 mM

54 . 06 ± 3. 58

10 .0

10 mM

48 .86 ± 0. 58

18 .6

25 mM

36 .60 ± 0.63

39.1

50 mM

22 .32 ± 2.28

62 .8

100 mM

13.92 ± 3.62

76 .8

10 mM

54 .88 ± 1.45

8. 6

25 mM

39 . 26 ± 2.48

34 . 6

50 mM

30 .68 ± 1.53

48 .9

50 mM

59 .08 ± 0. 75

1.6

Tr i s

Thiourea,

Urea

aReactions contained 0. 20 mM vanadate, 125 nmoles xanthine and 70 ug
xanthine oxidase , 0. 18 mM NADH in 25 mM sodium phosphate buffer pH
7.4 . Total reaction volume was 2. 50 mL .
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Vanadate was found to be reduced by superoxide and not directly by
xa nthine oxidase alone (Fig . lOa) . No DMPO-OH adducts are mea sured
when hydrogen peroxide is added to vanadate and xanthine oxidase in
the pre sence of DMPO.

Any vanadyl formed

by direct xanthine oxidase

catalyzed reduction of vanadate reacts with the hydrogen peroxide
present to form DMPO-OH as in Fig. 6.

Fig . lOa is also representative

of control spectra obtained when DMPO is present with either vanadate,
xanthine and hydrogen peroxide or the xanthine, xanthine oxi dase
system in the absence of vanadate .

When vanadate is present with

xa nthine, xanthine oxidase and DMPO , DMPO-OH adducts are detected as
shown before and in Fig . lOb.
Whenever the spin trap DMPO is used to determine hydroxyl radical
involvement, care must be taken to avoid misinterpretation of the
data, as

DMPO-OH adduct s are occasionally artifacts of the sys tem

studied (Finkelstein et al . , 1g82) .

A test for hydroxyl radical

i nvo 1vement is the addition of substances, such as DMSO , ethanol or
formate, which react with hydroxyl and form carbon-centered radicals .
These radicals are then trapped by DMPO . Fig. lOc shows the spectrum
of the carbon-centered DMPO-COOH formed by the addition of sodium
formate to the vanadate-superoxide system.

This spectrum provides

further evidence for hydroxyl involvement.
Table 3 shows the effects of anaerobic conditions on the vanadatedependent oxidation of NADH. Vanadate cannot oxidize NADH in the
presence of xanthine/ xanthine oxidase under an argon atmosphere , nor
does the

addition of hydrogen peroxide to this system result in NADH

oxidation. However, addition of vanadyl to this anaerobic system

50
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FIG. 10. DMPO-OH adduct formation as evidence for vanadate reduction
in the xanthine/xanthine oxidase system . Each sample contained 25 mM
sodium phosphate buffer pH 7.4, 100 mM DMPO, 0.10 mM vanadate and the
following additions : a) 70 ug xanthine oxidase and 0.10 mM H202 . b) 42
uM xanthine and 70 ug xanthine oxidase . c) 0.40 M sodium formate, 42
uM xanthine and 70 ug xanthine oxidase .

ESR conditions : mi crowave

power = 50 mW, modulation amplitude = 1.0 gauss , gain = 5.0 x 103 ,
time con stant = 0. 25, scan time = 4.0 min , scan range = 100 gauss.
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TABLE 3
ANAEROBIC NADH OXIDATION BY VANADATE PLUS SUPEROXIDE

Condition

Aerob i c controla
Anaerobicb
Anaerobic + H202
Anaerobic + H202 + vanadyl
Anaerobic + 02d

nmoles NADH oxidized/ 5 min

51 . 1
2. 3
2.8
>200C
52 .0

aEach reaction contained 25 mM sodium phosphate buffer (pH 7. 4) , 0.20
mM vanadate, 125 nmoles xanthine, 70 ug xanthine oxida se and 0. 18 mM
NADH in a final volume of 2. 50 mL . Hydrogen peroxide and vanadyl were
added to 0. 10 mM where indicated .
bReaction mixtures as in a, but prepared anaerobically under an argon
atmosphere .
cDue to a 1 min delay in transferring the cuvette to the spectrometer ,
the initial rate is an estimate.
dAnaerobic reagents were bubbled with air for I min prior to reaction .
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containing

hydrogen

peroxide

results

in

rapid

NAOH

oxidation.

Controls were run to verify that no loss of enzymatic activity
occurred in the argon atmosphere.

NAOH Oxidation by Vanadium and Thiols

The results indicate that thiols
oxidation.
slightly ,
oxidation.

As presented in Table 4, vanadate alone oxidites NAOH only
but

the

hi st idine,

presence of certain

reductants

enhances

NAOH

The synthetic thiols, OTE (dithioerythritol) and OTT

(dithiothreitol),
tested.

increase vanadate-dependent NADH

show the greatest stimulation of the reductants

Cysteine also

supports

and the physiological

the

oxidation,

reductants,

but

cysteamine,

glutathione and as-

corbate, inhibit. Increasing the thiol concentration does not increase
NAOH oxidation rates, and thiols alone, without vanadate, do not
stimulate NAOH oxidation (data not shown).

Table 4 also presents

results i ndi cat i ng that cytochrome c reduction occurs in reaction s
containing vanadate and OTE, OTT , cysteine and ascorbic acid. With the
exception of ascorbic acid, vanadate plus any reductant capable of
stimulating NAOH oxidation increases cytochrome c reduction. The high
rate of cytochrome c reduction by ascorbic acid has been reported
(Williams and Yandell, 1985).
Fig . 11 shows the oxidation of NAOH by vanadium compounds in the
presence of dithioerythritol (OTE, 0.10 mM) .

Vanadyl sulfate stimu-

lates the same rate of NAOH oxidation regardless of the presence of
OTE.
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TABLE 4
EFFECT OF REDUCTANTS ON VANADATE -STIMULATED NADH OXIDATION

Reductant

nmoles NADH oxidized/5 min

nmoles cyt c red./min

None

12 . 02 ± 2.87a

o.o3 ± o.o1b

DTE

97.91 ± 2.81

3. 56 ± 0. 14

DTT

97.55 ± 5.37

1. 99 ± 0. 03

cysteine

25 .65 ± 2.10

2.31 ± 0. 15

cysteamine

6.32 ± 1.68

1.07 ± 0.01

GSH

1.67 ± 2.31

0.10 ± 0.02

Ascorbic acid

2. 14 ± 3.02

24.61 ± 2.33

Histidine

2.01 ± 0.7

0.01 ± 0.01

Reaction mixtures contained 25 mM sodium phosphate buffer, pH 7.4. a)
Reactions contained 0.50 mM vanadate, 0.10 mM reductant and 0.18 mM
NADH. Reaction volumes were 2. 50 mL b) Reactions contained 0. 50 mM
vanadate and 0.10 mM reductant with 0.8 mM cytochrome c. Reaction
volumes were 1.00 mL.
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FIG . 11. Compari son of NADH oxidation by vanadium compound s i n the

pre sence of DTE .

Reaction mixtures contained vanadium , 0. 10 mM DTE ,

0. 18 mM NADH in 25 mM sodium phosphate buffer pH 7. 4.
wa s 2. 50 ml .

Reaction volume
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With vanadate, however, the NADH oxidation increases linearly over the
concentration range studied with a constant amount of DTE present .
The cytochrome c reduction indicates that superoxide may be involved
in this process .

To test this possibility, various concentrations of

su peroxide dismutase (SOD) were added to the reaction mixture and the
reaction rates were calculated . Fig . 12 shows that SOD inhibits

NADH

oxi dation by vanadate p1us DTE in a concentration -dependent manner.
Heat -denatured SOD (40 ng/ ml) does not inhibit the reaction (data not
shown) .
Although superoxide is important in the reaction mechanism, it may
be functioning as an intermediate.

Further studies were performed to

determine if hydrogen peroxide or hydroxyl radical are involved in the
reaction mechanism.

These studies show that catalase

reaction in a concentration-dependent manner (Table 5).

i nhibits this
The addition

of heat denatured catalase fully restores vanadium- stimulated NADH
oxi dation .

The possibility existed that the catala se inhibition is

simply due to nonspecific binding of vanadate to catalase.
fore added an alternate source of protein,

bovine serum a1bumi n

(BSA), to the reaction mixture and found no inhibition.
radical scavenger thiourea

I there-

The hydroxyl

decreases NADH oxidation in a concen-

tration-dependent manner (Table 5) .

Urea , which cannot scavenge

hydroxyl, is unable to inhibit the reaction. These results indicate
that, in addition to superoxide, hydrogen peroxide and hydroxyl are
required in the reaction mechanism .
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DTE .

Effect of SOD on NADH oxidation stimulated by vanadate plus

Reactions contained 0.50 mM vanadate , 0.10 mM DTE , 0. 18 mM NADH,

25 mM sodium phosphate buffer pH 7. 4, and SOD as indicated. Tot a1
reaction volume was 2. 50 ml.
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TABLE 5
EFFECT OF INHIBITORS ON NADH OXIDATION BY VANADATE + DTE

nmoles NADH oxidized/ 5 min

In hi bit or

%

Inhibition

96 . 66 ± 1.69

0

2 ug/ ml

45 . 48 ± 6. 50

48.7

4 ug/ml

38 .64 ± 0.62

68 .8

10 ug/ ml

20 . 74 ± 1.15

89 . 7

20 ug/ ml

12 . 38 ± 5.69

100

Boiled Catalase , 20 ug/ ml 96 .65 ± 3. 10

0

None a
Catalase ,

90 .35 ± 5.48

7.4

mM

56 . 19 ± 5.42

47 .8

10 mM

26 . 39 ± 3. 22

83 . 0

100 mM

13 . 54 ± 1.59

98.2

100 mM

95 .01 ± 1.45

0

BSA , 40 ug/ ml
Thiourea ,

Urea,

aReaction mixtures 0. 50 mM vanadate, 0. 10 mM DTE , 0. 18 mM NADH in 25
mM sodium phosphate buffer pH 7. 4 and the indicated concentration of
inhibitor . Total reaction volume was 2.50 ml.
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A plausible explanation

for

these

results

is

that

vanadate

oxidizes thiols to thiyl radicals and is itself reduced to vanadyl.
Thiyl radicals are capable of forming disulphide radicals anions which
rapidily undergo air oxidation at pH 7.4 to form superoxide (Saez et
al., 1982) .

The superoxide thus formed is able to dismutate at pH 7.4

(Bielski and Allen, 1977) and form hydrogen peroxide .

The remaining

vanadyl then reacts with hydrogen peroxide to form hydroxyl radical
which then oxidizes NADH.

I used ESR to determine if vanadyl i s

present in the course of the reaction. Fig . 13a shows a vanadyl signal
produced by the direct reduction of vanadate by DTE .

Vanadyl signals

are also detected with DTT and cysteine, but not with GSH, cysteamine
or histidine.

Ascorbic acid, which does not stimulate NADH oxidation

with vanadate, produces a vanadyl signal which is shown in Fig. 13b ,
with the ascorbate radical signal also present.

Vanadyl is ESR-

silent at pH 7.4 (Chasteen, 1981). Acidification of vanadyl solutions
prior to ESR measurements results in full signal intensity, but since
reduction is facilitated by lower pH (Rubinson, 1981), addition of
thiols under these conditions may be misinterpreted. The reaction
mixtures producing the spectra in Fig . 13 were not acidified prior to
measurement. The detection of an ESR signal at this pH indicates that
stable vanadyl

chelates are

formed with DTE,

DTT,

cysteine and

ascorbic acid (Chasteen, 1981) .
Hydroxyl

radical

involvement was

indicated

by

the

inhibitor

studies and was further examined with the use of the spin trap DMPO.
Fig. 14a shows that DMPO with vanadate plus DTE produces a measurable
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160

FIG. 13.

ESR spectra of vanadate reduction .

GAUSS

Reactions contained 2.0

mM vanadate, 1.0 mM reductant in 50 mM sodium phosphate buffer , pH 7.4
in a total volume of 500 ul.
Ascorbic Acid.

a) Vanadate + DTE . b) Vanadate +

ESR conditions: microwave power= 20 mW , modulation

amplitude= 8.0 gauss, g= 2. 5 x 104 in (a) and 1.25 x 104 in (b) , time
constant= 0. 25, scan time= 4.0 minutes, and scan range= 1600 gauss .
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FIG . 14.

DMPO-OH adduct formation by vanadate and reductants.

Each

reaction contained 25 mM sodium phosphate buffer, pH 7 .4, 1.0 mM
vanadate, 0.10 mM DTE and 100 mM DMPO in 300 ul total volume . a)
Complete reaction. b) as in (a) plus 100 mM thiourea. c) as in (a)
plus 100 mM urea.

d) as in (a) with 200 mM sodium formate.

ESR

conditions: microwave power= 50 mW, modulation amplitude= 1. 0 gauss,
gain= 6. 25 x 103, time constant= 0.25, scan time= 4. 0 minutes, scan
range= 100 gauss.
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hydroxyl signal.

Addition of the hydroxyl radical scavenger thiourea
signal, whereas addition of urea to the

eliminates the hydroxyl

reaction mixture does not inhibit DMPO-OH adduct formation (Fig. l4b
and l4c).
To test if the DMPO-OH adduct was an artifact of the system and
not the result of hydroxyl formation,

200 mM sodium formate was added

to the reaction mixture and the spectrum shown in Fig . l4d was
obtained.

This spectrum of a carbon-centered radical provides further

evidence that hydroxyl is involved in the reaction, s i nee both the
formate -derived adduct
observed .

and

decreased

NADH oxidation

presence of DTE (Fig . 11).
and hydrogen peroxide
increases (Fig. 15).

by vanadyl

DMPO-OH adduct formation are
is not

increased by the

However, when DTE is present with vanadyl

subsequently added, NADH oxidation greatly
This increase occurs regardless of the order of

addition of reactants, and increases NADH oxidation more than with the
Fenton system of vanadyl and hydrogen peroxide. Ascorbic acid com pletely inhibits the NADH oxidation by vanadyl and hydrogen peroxide.
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FIG. 15 .

NADH oxidation by vanadyl, represented by decrea se in

absorbance at 340 nm vs time.

Reaction mixtures contained vanadyl ,

DTE , Ascorbic acid and Hz02 at concentrations of 0. 20 mM, 0. 25 mM , 0. 1
mM and 0.50 mM respectively . All reactions contained 25 mM sodium
pho sphate buffer in a final volume of 2. 50 mL . Line 1) Vanadyl + DTE .
Li ne 2) Vanadyl + H202 . Line 3) Vanadyl
+ Ascorbic Acid + H202 .

+

DTE + H202 . Line 4) Vanadyl
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Vanadium and Lipid Peroxidation

The effect of vanadium compounds on lipid peroxidation was examined
by using the thiobarbituric acid (TBA) method, and the results are
presented in Fig. 16. The thiobarbituric acid method measures the
formation of malondialdehyde or malondialdehyde-like substances, which
are end-products of lipid peroxidation .

During lipid peroxidation,

hydrogen abstraction from polyunsaturated fatty acids results in the
formation of a variety of breakdown products which react with thi abarbituric acid to form complexes which can be measured spectrophotometrically.
As shown in Fig. 16, vanadyl can stimulate lipid peroxidation in a
linear fashion.

In contrast, vanadate is unable to stimulate lipid

peroxidation to greater than control values at levels up to 1.0 mM.
The presence of hydrogen peroxide (0.10 mM) does not influence the
amount of lipid peroxidation for either form of vanadium.

I have

demonstrated that vanadyl and hydrogen peroxide can react in a Fenton1 ike mechanism to produce hydroxyl radical, which should increase
lipid peroxidation.

However, there are problems

inherent in the TBA

assay . Hydroxyl radical initiation of lipid peroxidation is a rapid
process that is essentially over before measurement with the TBA
assay.

The assay is relatively insensitive, nonstoichiometric, and

measuring an end-product (TBAR) from the multistep reaction of lipid
peroxidation does not determine an initial rate.

Under concentrations

of 0. 025 mM vanadyl, fatty acid oxidation products cannot be detected
with the TBA assay .

Under the same conditions, there is appreciable
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FIG. 16 .

Formation of thiobarbituric acid reactive products in the

presence of vanadium compounds.

Reaction mixtures contained vanadium,

1.0 mM linolenic acid, 25 mM sodium phosphate buffer pH 7.4 in a final
volume of 1. 0 ml . Reactions were incubated at 37° C for 10 min. Each
point represents
experiments .

the mean of triplicate determinations

for

two

65

formation of conjugated dienes.

Therefore, I utilized conjugated

diene formation to further investigate the role of vanadium in lipid
peroxidation.
In the conjugated diene assay, the conversion of the cis,cis double
bonds of polyunsaturated fatty acids to cis,trans double bonds can be
measured spectrophotometri call y.

Daub 1e bonds which are cis, cis in

orientation have no absorbance at 232 nm, whereas the cis,trans double
bonds, which result from molecular rearrangement following hydrogen
abstraction,

form diene conjugates which absorb.

Utilizing this

technique with purified lipid enables an investigator to measure
initial events in lipid peroxidation.
Arachidonic acid micelles were used to determine if there are differences in the initial rates of diene formation between vanadyl alone
and vanadyl acting in a Fenton-like reaction. The data in Table 6
illustrate that

initial rates of conjugated diene formation are much

higher for vanadyl in a

Fenton-like system than with vanadyl alone.

For vanadate, conjugated dienes are not detected in the presence or
absence hydrogen peroxide. While the initial rates of conjugated diene
formation are greater for the vanadyl-hydrogen peroxide mixture than
those of vanadyl a1one, the reaction of vanadyl a1one cant i nued for
longer periods of time.

This is illustrated in Fig. 17, where it is

apparent that there is an initial burst of oxidation in the vanadyl
Fenton-like system that quickly levels off, while with vanadyl alone
peroxidation continues for a longer period of time. The total amount
of diene formation reaches the same level in both cases.
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TABLE 6
INITIAL RATES OF DIENE FORMATION IN THE PRESENCE
AND ABSENCE OF HYDROGEN PEROXIDEa

Diene Formation (Change in A232/min)

H202 (0.10 mM)

no H202

0

.000

.001

5. 0

. 096

.018

25 . 0

.326

.049

100 . 0

.428

.052

200 . 0

. 560

. 192

200 .0 , vanadate, V(V)

.002

. 000

V( IV) , uM

aReaction mixtures contained 0. 55 mM arachidonic acid micelles in 3.0
mM NaCl , 0. 04% Lubrol, pH 7.4 in 1.0 mL total volume . Rates given are
initial rates and are represented as increase in absorbance at 232 nm
per min .

67

"'

"'
0 . 10

'"
ooo+---------,---------,---------,----------r--------~

4

0

Time. minutes

FIG. 17.

Spectrophotometric trace of conjugated diene formation in

arachidonic acid micelles initiated by vanadyl alone or vanadyl with
hydrogen peroxide.

Reaction mixtures contained 0. 55 mM arachidonic

acid, 3.0 mM NaCl, 0.04% Lubrol, pH 7.4 in 1.0 ml total volume .

Line

(a) - increase in A232 following addition of 0.025 mM vanadyl.

Line

(b)

increase in A232 following addition of 0.10 mM hydrogen peroxide

and 0. 025 mM vanadyl .
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There are two separate events which must be d i st i ngu i shed when
determining lipid peroxidation .

Primary initiation of lipid per-

oxidation is defined as hydrogen abstraction from purified polyunsaturated fatty acids (LH).

Secondary initiation is the breakdown

of fatty acid hydroperoxi des, referred to as LOOH, into either the
lipid alkoxyl radical (LO · ) or the hydroxyl radical.

Both species are

highly reactive, and hydroxyl radical will abstract hydrogen from the
lipid and result in further formation of conjugated dienes.
It is possible that with vanadyl alone,

continued conjugated diene

formation results from the vanadyl-catalyzed decomposition of trace
amounts of fatty acid hydroperoxides.

Spin-trapping studies were used

to test for the involvement of hydroxyl radicals in this

process.

Arachidonic acid dispersions were peroxidized by vanadyl

and

hydrogen peroxide and the reaction was all owed to proceed for ten
minutes (Fig. !8) .

At this time, the spin trap DMPO was added to the

reaction mixture and the resulting ESR spectrum is shown in Fig. !Sa.
No hydroxyl radicals, as measured by DMPO-OH adduct formation, are
detected .

To this same solution catalase was added , followed by the

addition of 0.10 mM vanadyl, which results in DMPO-OH adduct formation
as shown in Fig. !Sb. The addition of catalase was necessary to remove
any traces of hydrogen peroxide added initially or formed by the
recombination of hydroxyl radicals.

The addition of vanadyl to a

control solution which contains all reagents except lipid results in
no DMPO-OH adduct formation . To determine the effect of vanadate on
decomposing fatty acid hydroperoxides to yield hydroxyl

radicals,

catalase was added to a reaction mixture of the same composition as
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10

FIG . 18 .

G AUSS

ESR spin trap studies of the reaction of vanadium with

arachidonic acid hydroperoxides . Reactions mixtures containing 0. 55 mM
linolenic acid in 25 mM sodium phosphate buffer , pH 7. 4 were initiated
by the vanadium Fenton-like mechanism of 0. 10 mM H202 and 0. 10 mM
vanadyl. a.) Addition of 100 mM DMPO after 10 minutes . b. ) Same
mixture as (a) except catalase (100 units) was added followed by 0.1 0
mM vanadyl. c . ) Same mixture as (a) except catalase was added followed
by the addition of 0. 10 mM vanadate.

ESR conditions: microwave power

= 50 mW, modulation amplitude = 1.0 gauss , time constant = 0. 25, scan
time= 4. 0 min, scan range= 100 gauss, gain= 2.5 x 103 .
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that used for Fig . 18a. This was followed by the addition of vanadate.
No hydroxyl radicals are spin-trapped (Fig . 18c).
The effects of vanadium on fatty acid hydroperoxides were further
examined using fatty acid hydroperoxides formed by the action of
lipoxidase, an enzyme which specifically catalyzes fatty acid hydroperoxide formation.

Linolenic acid was incubated with lipoxidase for

a minimum of ten min, at which time the spin trap DMPO was added and
an ESR spectrum recorded (Fig. 19a).

No DMPO-OH adducts are observed

in this system.

The addition of 0.2 mM vanadyl to the same solution

results

vanadyl -c atalyzed

in

the

hydroperoxides as evidenced by

decomposition

of the

linolenic

DMPO-OH adduct formation (Fig. 19b).

As was the case for fatty acid hydroperoxides generated by the vanadyl
Fenton-like reaction, addition of vanadate shows no effect (Fig . 19c) .
The spectrum in Fig . 19d

demonstrates that

vanadyl initiated the

formation of hydroxyl radicals only in the presence of peroxidized
fatty acids, as no DMPO-OH adducts are detectable when vanadyl is
added to pure fatty acid solutions (those not incubated with lipoxidase) .

Figs . 18 and 19 indicate that vanadyl, and not vanadate, is

capable of decomposing fatty acid hydroperoxi des generated by

the

reaction of vanadyl and hydrogen peroxide by lipoxidase to yield DMPOOH adducts .
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10

FIG. 19.

c ... uss

ESR spin trap studies of the reaction of vanadium with

linolenic acid hydroperoxides.

Linolenic acid (0.55 mM) was incubated

for 10 minutes with 5,000 units of 1ipoxidase in 25 mM sodium phos phate buffer pH 7. 4. to generate fatty acid hydroperoxides . a.)
Addition of 100 mM DMPO.
a.

b. ) Addition of 0.10 mM vanadyl to solution

c. ) Addition of 0.10 mM vanadate to an identical solution as in a.

d.) Addition of 100 mM DMPO and 0. 10 mM vanadyl to non-peroxidized
1ipids . ESR conditions: microwave power = 50 mW, modulation amplitude
= 1.0 gauss, time constant = 0.25, scan time= 4.0 min, scan range =
100 gauss,

gain= 5.0 x 103.
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The spectra in

Fig . 20 illustrate that, in a system with fatty

acid hydroperoxi des,

increasing the concentration of formate (added

prior to vanadyl) results in an increased concentration of the carbon
centered radical adduct, DMPO-COOH, and a decrease in the OMPO-OH
adduct . The results presented in Fig . 20 further support the idea that
hydroxyl radicals are formed in the vanadyl-catalyzed breakdown of the
fatty acid hydroperoxides.
The above experiments demonstrate that vanadyl can decompose fatty
acid hydroperoxi des .

It was of interest to determine if vanadium

reacted in a manner analogous to ferrous ion compounds. With ferrous
ion compounds,

the addition of chelators can alter the rate of

conjugated diene formation (Aust and Svingen, 1982).

The chelators

tested were EDTA, EGTA, OTPA, desferal, ATP and ADP. Table 7 shows the
rates of conjugated diene formation with partially peroxidized lipids
stimulated by vanadyl alone or vanadyl

in chelated form.

These

results indicate a differing ability of the various chelators to
inhibit vanadyl-catalyzed conjugated diene formation of the order EDTA
> DTPA > Oesferal > ATP > EGTA > ADP.

To determine if these results reflect differences in the ability of
vanadyl che 1ates to generate hydroxyl rad i ca 1 formation during the
breakdown of

fatty acid hydroperoxides, the following experiments

were performed.

Linolenic acid was peroxidized in a "vanadium Fenton-

like reaction" as described in Fig. 18 .

After 10 min, DMPO was added

to the reaction mixture followed by the addition of catalase and the
vanadyl chelates.
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10

FIG. 20.

GAUSS

ESR spin trap studies of the involvement of hydroxyl radical

in the vanadyl catalyzed decomposition of arachidonic
peroxides.

acid hydro-

To solutions prepared as in Fig. 18, increasing concen-

trations of sodium formate were added prior to addition of catalase
and 0.10 mM vanadyl. a.) no formate added. b.) SO mM formate . c.) 100
mM formate . d.) 200 mM formate. e.) 300 mM formate .
microwave power
constant

=

=

SO mW, modulation amplitude

0.2S, scan time

=

4.0 min, scan range

ESR conditions :
1. 0 gauss,

=

time

100 gauss, gain

=

2.S x 103 . The most downfield spectral line, identified by the arrow ,
results from the carbon centered DMPO-COOH adduct.
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TABLE 7
EFFECT OF VANADYL CHELATES ON THE RATES OF CONJUGATED DIENE FORMATION
IN ARACHIDONIC ACID MICELLES CONTAINING TRACE HYDROPEROXIDESa

Percent of y+4; Rate

Vanad i um chelate

Rate (A232/ min)

y+4

. 210

100

y+4; EDTA

.027

13

y+4/ EGTA

. 19B

94

y+4/ DTPA

.043

20

v+4; De sferal

. 130

62

y+4;ATP

. 132

63

y+4; ADP

. 204

97

y+5

.000

0

aReaction mixtures contained 0.55 mM arachidonic acid, 3. 0 mM NaCL and
0.04% Lubrol i n 1.00 mL total volume. Rates given are initial rate s
and are represented as increase in absorbance at 232 nm per mi n.
Complexes were prepared separately in 1: 1 molar ratios , and aliquots
were added to the micelles to a final concentration of 0.10 mM
vanadyl .
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In separate experiment s, these che 1ates were tested for their
ability to decompose hydrogen peroxide to yield hydroxyl radicals. The
results of these experiments are summarized in Table 8.

To facilitate

comparison, the DMPO -OH adducts generated in each case were measured
and are presented as a percent of the relative ESR signal intensity of
the DMPO-OH adduct generated by the reaction of unchelated vanadyl
with hydrogen peroxide or linolenic acid hydroperoxides.

Vanadyl

chelates with ADP or ATP are nearly as effective in decomposing
hydrogen peroxide or linolenic
metal .

acid hydroperoxides as the unchelated

In contrast, vanadyl / EGTA, and to a lesser extent vanadyl-

/ desferal , are able to decompose hydrogen peroxide but not linolenic
acid hydroperoxides. Vanadyl/DTPA and vanadyl / EDTA are effective in
both cases. Evidence that the reduced meta 1 is st i 11 present in each
complex was obtained by ESR (data not shown).
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TABLE 8
ABILITY OF VANADYL CHELATES TO DECOMPOSE HYDROGEN PEROXIDE AND
LINOLENIC ACID HYDROPEROXIDE AS MEASURED BY
DMPO-OH ADDUCT FORMATION

Vanadium Chelate

H202

Hydroperoxides

100a

Joob

v+ 4/ EDTA

<I

3

v+4/ EGTA

100

16

yt4/ DTPA

5

5

v+4;Desfera l

24

5

v+4/ ATP

90

92

yt4/ ADP

96

92

0

0

v+4

yt5

aReaction mixtures contained 0. 10 mM hydrogen peroxide and 0.10 mM
vanadium, 100 mM DMPO in 25 mM sodium phosphate buffer (pH 7.4) in a
final volume of 300 uL . Complexes were prepared separately in 1:1
molar ratios. The results are presented as percent of the ESR signal
peak height of the DMPO -OH adduct formed using unchel ated vanadyl
(100%) .
bLinolenic Acid hydroperoxide was prepared as described in Fig. 18 .
After 10 min of vanadium Fenton-like induced peroxidation, DMPO was
added followed by catalase and vanadyl chelate.

77

DISCUSSION

The results of this study provide new and clear evidence that
vanadium is able to participate in Fenton-like chemi stry and produce
hydroxyl radical.

The hydroxyl radical thus formed is suggested to be

the oxidant responsible for the reported effects of vanadium-stimu lated NADH oxidation and 1 ipid peroxidation .

The following sections

indicate the importance of hydroxyl radical in each of the studied
vanadium effects, as well as the agreement of this mechanism with many
of the previously reported effects of the metal.

NADH Oxidation by Vanadium
and Superoxide

The results indicate that the mechanism of the vanad i um-stimulated
NADH oxidation can be correlated with the ability of vanadium to act
in

a

meta 1-cata1yzed

reactions

(1-2) .

Haber-Wei ss - type

The classical

mechanism

represented

Haber-Weiss reaction

by

involves the

reaction of superoxi de with hydrogen peroxide to generate hydroxyl
radical.

This reaction cannot occur unless metal ions are present.

V(V)

+ 02-

V(IV)

+ H202

---->

---->

V(IV)

+ 02

V(V)

+ OW

(!)

+ OH · (2)

Metal-ion-catalyzed Haber-Weiss reactions have been well characterized for both iron and copper (Halliwell and Gutteridge, 1984) but
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The abi 1ity of hydrogen

have rarely been mentioned for vanadium .
peroxide to oxidize vanadyl

(reaction 2) has been shown to occur

(Brooks and Sicilio, 1971) and has been linked to ATP hydrolysis
(Woltermann et al., 1974).

My results show that hydroxyl radical

production increases with the vanadyl concentration in the presence of
H2D2 and can be correlated with increased NADH oxidation .
Liochev and Fridovich (1987a) reported evidence suggesting an
involvement of hydroxyl radical in the vanadium-stimulated oxidation
of NADH . Specifically, they suspected that hydroxyl

radicals are

involved in the case of NADH oxidation by vanadyl with hydrogen
peroxide, based on inhibition by ethanol (l%,v/v) . My spin-trapping
studies tend to corroborate

this hypothesis.

did not report hydroxyl i nvo 1vement
superoxide

generated

from

However, these authors

when vanadate was present with

enzymatic,

chemica 1 or

photochemi ca 1

sources. They suggested that vanadate forms a complex with superoxide,
and this complex is responsible for NADH oxidation. Evidence for
complex formation was based on the inability of catalase, at a maximum
concentration of 5 ug/ml

(Liochev and Fridovich, 1985), to inhibit

this reaction.
My results indicate that superoxide is capable of directly reducing
vanadate to vanadyl, which reacts with hydrogen peroxide to form
hydroxyl radical. Several lines of evidence indicate that this can
occur.

I was able to demonstrate a concentration-dependent inhibition

by catalase, mannitol, tris, or thiourea of NADH oxidation by vanadate
p1us superoxi de. Heat-denatured catalase cannot i nh i bit the reaction.
Nor can urea, which was used as a control for the hydroxyl scavenger
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thiourea.

Hydroxyl

radical

formation can be detected in systems

containing vanadate and superoxide and can be eliminated by the
addition of cat a1ase .

Hydroxyl rad i ca 1 formation cannot be detected

in systems containing vanadate and hydrogen peroxide , nor can NADH
oxidation be increased in these systems. Therefore, the reactive
species appears to be vanadyl, formed by the reduction of vanadate by
superoxide.
Further verification that superoxide is capable of reducing vanadate
was

obtained

by spin-trapping

studies

and

anaerobic

techniques .

Xanthine oxidase is capable of direct reduction of certain compounds,
such as the antibiotic anthracycline (Dodion et al ., 1987) , and can
cause them, in the presence of oxidants,

to change redox states in

vivo . If xanthine alone or xanthine oxidase alone is capable of
directly reducing vanadate, then addition of hydrogen peroxide to this
system in the presence of DMPO should result in DMPO-OH adducts .

Fig .

10 clearly shows that DMPO-OH can only be detected when vanadate is
present with both xanthine and xanthine oxidase . Addition of sodi urn
formate results in the spectrum of the carbon-centered DMPO-COOH
adduct shown in Fig. 10c, indicating that the DMPO-OH is not an artifact (Finkelstein et al., 1982). Neither xanthine alone nor xanthine
oxidase alone is capable of direct reduction of vanadate. If both
xanthine and xanthine oxidase (and not superoxide) are necessary to
reduce vanadate, then addition of hydrogen peroxide under anaerobic
conditions should result in NADH oxidation.

No such oxidation occurs.

Addition of vanadyl, however, rapidly oxidizes NADH, as shown in Table
3. These experiments lead to the conclusion that superoxide, and not
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xanthine alone,

xanthine oxidase alone nor the xanthine/xanthine

oxidase complex is the species responsible for the reduction of
vanadate to vanadyl. Prior to this study, there have been no published
reports indicating direct reduction of vanadate by superoxide.
Rush and Bielski (19B5) have studied the reactions of vanadium
compounds with active oxygen species.

They reported that vanadate can

be reduced to vanadyl by the perhydroxyl radical in a single step .
They also reported that perhydroxyl radical can form complexes with
vanadium(IV) and the mono- and diperoxyvanadium(V) complexes.

This

differs significantly from the complex proposed by Darr and Fridovich
(19B4),

who suggested that

superoxide can directly complex with

vanadate, forming a peroxy-vanadium(IV) . Rush and Bielski (1985) found
that perhydroxyl is able to form transient complexes with vanadate
only when peroxide ligands are present. Although the present study
does not preclude the possibility that vanadium complexes are gener ating active oxygen species, our data indicate that

active oxygen

species (particularly hydroxyl radical) are important in vanadiumdependent NADH oxidation.
Reactions with NADH and different oxygen species are shown in reactions (3-6).

NAD·

+ H02-

(3)

NADH + H02· ---> NAD·

+ H202

(4)

NADH + 02-

--->

NADH + OH·

--->

+ H20

(5)

NAD·

---> NAD+ + 02-

(6)

+ 02

NAD·
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Reactions (3) and (4) have rate constants of 27 M-1s-1 and 105M-1srespectively,
1984) .

under physiological

conditions

Hydroxyl radical is a stronger

(Bielski

et al . ,

oxidizing species than the

perhydroxyl radical(H02 · J and has a rate constant of 108-1o10w1s-1
for reactions with most organic compounds (Czapski, 1984) .

Reaction

(6) is extremely rapid with a rate constant of 2 x 109w1 s- 1 (Bielski
et al . , 1984) and serves to regenerate the superoxide.
Additional support of hydroxyl radical involvement can be found in
studies in which the vanadium-dependent NADH oxidation i s examined in
different buffer systems (Coulombe et al ., 1987; Darr and Fridovich ,
1985;

Vijaya and Ramasarma,

1984).

Tris buffer,

which scavenges

hydroxyl radical with a rate constant of 8.8 x 108M-1s-1 (Searle and
Tomasi , 1982), inhibits the reaction in every case studied. Darr and
Fridovich (1985) examined buffer systems for trace metal contaminants
and found

no evidence that trace metal

contamination influences

vanadium-dependent NADH oxidation. My results, which included pre liminary studies on buffers passed through metal-chelating columns ,
tend to support the work of Darr and Fridovich (1985)

(data not

shown).
The mechanism of NADH oxidation has consistently been reported to
increase with decreasing

pH

(Coulombe et al.,1987;

Fridovich, 1986; Vijaya and Ramasarma , 1984) .
important events occur.

Liochev

and

As pH decreases, two

The reduction of vanadate to vanadyl is pH

dependent and is facilitated by a reduction in pH (Rubinson, 1981).
The relative amount of vanadyl will

increase in the presence of

electron donors (such as NADH or 02-J as pH is reduced.

Additionally ,
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the dismutation of 02- is pH-dependent, and concentrations of perhydroxyl radical and hydrogen peroxide increase with proton concentration (Sawyer et al ., 1979).

Thus, the solution chemistry of

vanadium and superoxide are important factors in the pH effects of
vanadium-dependent NADH oxidation.
The results presented in this study tend to support the hypothesis
of Darr and Fridovich (1985) that vanadium-stimulated NAD(P)H oxi dation by membranes reflects superoxide production by these membranes .
Goldenberg (1982) has reviewed many of the currently known NAD(P)H
oxidases and stated that the functions and existence of many of these
systems are unknown.

Although a functional role of vanadi urn as a

prosthetic group in an NAD(P)H oxidase is appealing, the studies which
claim an enzymatic requirement for vanadium have lacked the necessary
controls
membranes.

to

eliminate endogenous

superoxide

production

by these

It must be emphasized, however, that if vanadium does

indeed have a functional role in an NAD(P)H oxidase, it would serve to
deplete pyridine dinucleotides in a free radical mediated reaction.

NADH oxidation by Vanadium
and Thiols

The results presented here show that, in the presence of th i ol s,
vanadate strongly stimulates the oxidation of NADH.

The camp l ete

inhibition of each reaction by superoxide dismutase, catalase and
hydroxyl

radical

scavengers

peroxide and hydroxyl

indicate

that

superoxi de,

hydrogen

are each required in the overall

reaction
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mechanism .

With the exception of ascorbic acid , NADH oxidation occur s

only for tho se reductant s capable of reducing vanadate to vanadyl.

On

the ba sis of the data obtained and information from the literature ,
the following mechani sm is postulated to account for the observed
results.
V(V)

RS·

+ RSH
+ RSH

RSSR · - + 02
202 - + 2H+
V( IV)

NAD ·

+ 02

2RS·
RS ·

RSSR ·-

--->

+ RS · + H+

(7)

+ H+

(8)

RSSR + o2-

- -- >

(9)
(10)

H202 + 02

--->

+ H202

NADH + OH·

V( IV)

--->

--- >

V(V)

NAD ·

- -->

+ OH · +
+ H20

ow

(2)
(5)

-- ->

NAD+ + o2-

(6)

--->

RSSR

(11)

+ RSSR ·-

- -->

RSSR + Rs-

( 12)

Th is mechanism propo ses the initial vanadate catal yz ed oxidation
of thiols to thiyl radicals .

Following this initiation reaction ,

reactions 8 and 9 would then be expected to proceed rapidly given
their rate constants of 3 X 109 M-1s-1 and 4 X 108 M-1s -1, respectively (Saez et al., 1982 and references therein).

The superoxide formed

can spontaneously dismutate at pH 7.4 to form hydrogen peroxide
(Bielski and Allen, 1977).

Reactions 2, 5, and 6, showing the for -

mation of hydroxyl radical and the oxidation of NADH with regeneration
of superoxide, have been previously discussed.

Reactions II and 12

represent probable termination reactions (Saez et al ., 1982).
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This proposed mechanism would explain why thiols increase the
rate of NADH oxidation in the presence of vanadate and not vanadyl
(Fig . II).
thiyl

Particular thiols can be oxidized by vanadate producing

radicals

which,

in

turn,

generate

superoxide leading sub-

sequently to the formation of hydroxyl radical and the oxidation of
NADH .

With vanadyl the initiation step, reaction 7, does not occur.
One result that does not appear to be consistent with this

proposed mechanism is the inhibition of the vanadate/ thiol catalyzed
oxidation of NADH by superoxide dismutase
dismutase generates

hydrogen

peroxide

(Fig.

12).

Superoxide

by catalyzing reaction

10 .

Since hydrogen peroxide is known to be involved in the reaction
mechanism, superoxide di smutase should augment the reaction rate .
have no explanation for this apparent contradiction.

However , a

similar result was reported by Rowley and Halliwell (1982) who were
examining superoxide-dependent formation of hydroxyl radicals in the
presence of thiol compounds in a system containing iron.
Hydroxyl

radical

is suggested to be the active oxygen species

required for NADH oxidation.

Using the spin trap DMPD, we were able

to detect hydroxyl radicals in every instance where NADH oxidation
occurs. Addition of the hydroxyl scavenger thiourea results in loss of
DMPO-OH adduct detectability and loss of NADH oxidation, whereas urea,
which does not inhibit NADH oxidation, does not change the DMPO-OH
adduct peak height. Although ascorbic acid can reduce vanadate and
stimulate cytochrome c reduction, it is not capable of stimulating
NADH oxidation with

vanadate

but

is

capable of

oxidation by vanadyl and hydrogen peroxide .

preventing NADH
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Liochev and Fridovich (1987b) have reported that NADH can be
oxidized by vanadate in the presence of sugars.

They suggested that

sugars reduce vanadate to vanadyl which reduces oxygen to superoxide.
The vanadate then forms a complex with superoxide which catalyzes the
oxidation of NAD(P)H by a free radical chain mechanism.

They were

unable to detect inhibition by catalase in this system at 5 ug/ml and
therefore ruled out hydroxyl

radical

involvement.

Although the

possibility exists that the mechanism for NADH oxidation by vanadate
and sugars is different from that of vanadate and thiols, I was able
to measure a concentration -dependent catalase inhibition. By using
spin trapping techniques,

I conclude that hydroxyl

is involved in

NADH oxidation. The study by Li ochev and Fri do vi ch ( 1987b) did not
examine higher levels of catalase or spin-trapping techniques in the
oxidation of NADH by vanadate in the presence of sugars.
Hydroxyl radical production has been reported to occur in the
presence of thiols and reduced iron compounds (Rowley and Halliwell,
1g82).

This process was also found to be dependent on superoxide and

hydrogen peroxide.

Rowley and Halliwell (1982) proposed that super-

oxide is produced from the autoxidation of the thiols and then serves
to reduce iron compounds. The reduced iron compounds are capable of
reacting in a Fenton reaction with hydrogen peroxide. The mechanism
for vanadium appears to be similar.
Our data shows that although ascorbic acid is capable of reducing
vanadate, it inhibits NADH oxidation, even in the Fenton-1 ike system
of vanadyl and hydrogen peroxide.

The mechanism for this effect is

unclear; two explanations, however, are possible: ascorbic acid, as a
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water soluble antioxidant, i s capable of acting as a hydroxyl radical
scavenger

with a rate constant of 1.1 x 1010 at pH 7. 0 (Biel s ki,

1982) ; ascorbic acid is also capable of chelating metal ions (Martell,
1982). Our ESR results indicate the formation of a vanadyl -ascorbate
complex

which may not be capable of Fenton-type reactions. This

pos sibi lity could not be te sted due to the ability of ascorbic acid to
readily reduce DMPO-OH adducts.

The abi 1ity of ascorbic acid to

scavenge hydroxyl radicals or to bind vanadyl are suggestions for its
attenuation of vanadium toxicity.
Vanadate reduction to vanadyl has been reported for a large number
of compound s including ascorbic acid (Adam-Vizi et al., 1981; Kustin
and Tappen, 1973), glutathione (Macara et al., 1980; Legrum, 1986),
cysteine (Legrum, 1986; Sakurai et al ., 1981), and NAD(P)H (Chasteen,
1983).

Any vanadium administered in whole animal studies is quanti-

tatively reduced to vanadyl

(Sakurai et al., 1980).

The camp 1ete

mechanism for this reduction is st i 11 unreso 1ved, but it has been
proposed that, while vanadate is the major form of vanadium present in
the plasma (Rubinson, 1981), it is taken up in the cell by the same
anion channel that transports phosphate (Heinz et al ., 1982) and

is

subsequently reduced and bound (Macara et al., 1980) . Our results
indicate vanadate reduction by certain

cellular constituent s involves

generation of hydroxyl radi ca 1s which may 1ead to subsequent pathologies . The results presented in Fig . 15 are important because they
show that vanadyl, when bound or in a highly reducing environment
(such as that present intracellularly), can stimulate NADH oxidation
if exposed to hydrogen peroxide.
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Vanadium and Lipid Peroxidation

This portion of the study was designed to determine which form of
vanadium is involved in initiating conjugated diene formation in both
purified and partially peroxidized fatty acids and to determine if
active oxygen radicals are involved in this process.

The results show

that vanadyl is the active form of vanadium in initiating conjugated
diene formation in

purified fatty acid and in partially peroxidized

fatty acid micelle preparations.

Vanadate does not initiate con-

jugated diene formation in either case.

Hydroxyl radicals are shown

to be involved in initiating lipid peroxidation when vanadyl and
hydrogen peroxide are added together in a reaction mixture. In this
case, there is a rapid burst of conjugated d i ene formation which
quickly levels off. Hydroxyl radicals are also
vanadyl-catalyzed

breakdown of fatty

acid

generated in the

hydroperoxides .

Free

vanadyl, or vanadyl chelated to ADP or ATP, is much more effective in
catalyzing the decomposition of fatty acid hydroperoxides than the
stronger vanadyl chelates (EDTA or DTPA).
The results of this study are important in understanding some of
the mechanisms of vanadium-stimulated conjugated diene formation.

To

date, no investigations have been undertaken to examine the effects of
vanadium on conjugated diene formation

of purified fatty acid

systems . All previous studies have examined vanadium-stimulated 1 ipid
peroxidation on tissue extracts, cell systems, or in whole animal
studies. These systems contain high concentrations of reductants or
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chela tors. As a result, the active form of the metal is unclear.
example, the first

report that vanadium salts could oxidize phospho-

1ipids was by Bernheim and Bernheim (1939), who
liver suspensions.

For

added vanadate to

Stacey and Klaassen (1981) reported that vanadate

causes the greatest amount of lipid peroxidation in a series of metals
compounds (including reduced iron compounds) in hepatocytes.

Vanadate

has also been shown to stimulate lipid peroxidation in hepatocytes
using ethane production as an end point (Stacey and Kappus, 1982), and
to

potentiate

(Harvey

and

lipid
Klaassen,

peroxidation caused
1983).

Donaldson

by

carbon

and

Labella

tetrachloride
(1983)

have

reported that lipid peroxidation is increased by exposure of various
mouse tissues to vanadate in vitro.

Injection of sodium vanadate has

been shown to lead to measurable levels of lipid peroxidation in
kidney (Donaldson, et al., 1985).
A requirement for vanadyl ions as the active form of vanadium
responsible for initiating conjugated diene formation is suggested
from the results of the above studies.

Vanadate can be reduced at

physiological pH by mild reducing agents (Rubinson, 1981), and in
studying the reported effects of vanadium on lipid peroxidation in
tissue homogenates, cell systems, and in vivo, the involvement of
vanadyl ions is indicated.

The role of reductants can be deduced from

a study by Inouye et al. (1980), who reported that while vanadate can
not stimulate lipid peroxidation in lipid lung extracts, the addition
of sulfite stimulates lipid peroxidation to levels comparable to those
observed with reduced iron compounds. No mechanism, however, was
suggested for this effect. Svoboda et al. (1984) reported that vanadyl
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can

induce

lipid

peroxidation

in

brain

microsomes,

and

that

low

concentrations of vanadate are just as effective if a reductant is
present.

Our results

vanadium

in

clearly show that vanadyl is the active form of

stimulating

lipid

peroxidation.

In

purified

lipid

systems, vanadate, alone, cannot stimulate the formation of conjugated
dienes.
The involvement of free radicals in vanadium - induced 1 ipid peroxidation has been suggested by a few investigators.
(I980)

showed that free

radical

Inouye et al.

scavengers can inhibit lipid per-

oxidation caused by sulfite and vanadate.

Donaldson et al.

(1985)

demonstrated that pretreatment by ascorbic acid, a known free radical
scavenger

(Bielski,

1982},

attenuates the renal

caused by injection of vanadate.

Heller et al.

lipid peroxidation
(1987), have shown

that peroxidative damage in human erythrocytes caused by vanadate can
be suppressed by radi ca 1 scavengers. My results a 1 so indicate that
free radical

involvement with vanadyl-stimulated lipid peroxidation

may be masked by the assay system.

The TBAR method does not have the

sensitivity to measure the rapid i nit i a 1 burst produced by hydroxyl
radical formation from the reaction of vanadyl and hydrogen peroxide.
The results demonstrate that vanadyl

is capable of decomposing

lipid hydroperoxides (LOOH}, generated from either a vanadyl "Fentonlike

reaction"

(reaction

13).

and

from

Metal-ion

lipoxidase,
catalyzed

to yield

decomposition

hydroxyl
of

lipid

radicals
hydro-

peroxides is generally believed to result in the formation of 1 ipid
al koxyl

(LO·) radicals (Kappus, 1985) and the hydroxide anion (reac-

tion 14).
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V(IV)

+

LOOH

---->

V(V)

+

La-

+ OH ·

(13)

V(IV)

+

LOOH

---->

V(V)

+

LO ·

+ OH-

(14)

Few studies have examined the metal ion-catalyzed decomposition of
lipid hydroperoxides using spin trapping techniques . Although it is
widely

accepted

that

metal

ion-catalyzed decomposition

of hydro-

peroxides results in alkoxyl radical formation, this reaction scheme
was derived before the availability of spin-trapping techniques and
was based on indirect evidence from end-product analysis of the lipid
decomposition products.
with lipid alkoxyl
(Rosen

and

The

radicals.

Rauckman,

1981) .

spin trap DMPO is unable to form adducts
It is only able to trap LOO· and L·
Iron compounds have

been

shown

to

decompose lipid hydroperoxides to yield DMPO-OH adducts and these
results are the first to show this using vanadium (reaction II).
Hydroxyl radical formation has previously been observed to occur with
homolytic cleavage of the 0-0 binds in ethyl hydroperoxi de by metmyoglobin (Harada and Yamazaki, 1987).
Chelators have also been shown to suppress lipid peroxidation
effects by vanadate (Heller et al., 1987).
vanadyl is chelated,

My results show that when

its ability to catalyze the decomposition of

lipid hydroperoxides is inhibited .

Vanadyl is known to form a very

strong complex with EDTA with a stability constant of approximately
18.8 (Chasteen, 1981) and probably accounts for the inability of the
complex to participate in Fenton-like reactions. Strongly chelated
vanadyl cannot be oxidized by hydrogen peroxide. Stability constants
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for vanadyl chelates with DTPA and EGTA have not been publi s hed, but a
comparison of these complexes by ESR to determine structural information ha s been performed (Smith et al ., 1974).
No studies have examined vanadyl

binding to desferal,

but the

stability constant for desferal and cis-V02+ is 6.09 (Luterotti and
Grdinic,

1986). As mentioned by Chasteen (1981), the corresponding

vanadyl chelates are generally stronger. The ability of the vanadyl
camp l exes to decompose hydrogen peroxide correlates we 11 with their
ability to oxidize NADH (Darr and Fridovich, 1985) and to attenuate
vanadium toxicity (Domingo et al., 1986; Jones and Basinger, 1983) .
Vanadate is incapable of decomposing hydroperoxi des , in contrast to
the

proposal by Harvey and Klaassen (1983).
The action of vanadyl/ADP chelates with fatty acid hydroperoxides

is

different from the effects reported for ferrous / ADP (Piette et

al ., 1984) , as vanadyl / ADP chelates are capable of catalyzing hydrope roxide decomposition.

The possibility exists that this discrepancy

may be due to lack of complex formation , but vanadyl has been shown to
bind ATP and ADP with stabil i ty constants of 5 . 9 and 5 . 5, respectively
(Nechay et al., 1986a).

Structural studies of the complexes indicate

that weak 1:1 complexes are formed with the phosphate groups,
stronger 2:1 complexes are formed with the hydroxyl

and

moiety of ATP

(Sakurai et al . , 1982a, 1982b). Intracellularly , it has been proposed
that much of the vanadyl is bound in an ATP complex (Nechay et al.,
1986a), and any hydrogen peroxide or fatty acid hydroperoxides exposed
to this complex may initiate lipid peroxidation.
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The present study demonstrates that vanadyl, and not vanadate, is
the active form of vanadium in initiating conjugated diene formation .
I have also shown that vanadyl and hydrogen peroxide , in a process
known to generate hydroxyl radical, leads to a greater initial rate of
conjugated diene formation than with vanadyl alone . Finally, I have
shown that vanadyl can decompose fatty acid hydroperoxides to continue
conjugated di ene formation and generate hydroxyl radicals in this
process.

also have speculated on the possible mechanistic importance

of these results.
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These results suggest that hydroxyl radical formation is an impor tant step in the vanadium-dependent oxidation of NADH and in both
primary and secondary initiation

of lipid peroxidation . The mechanism

is relevant for biological systems for two reasons : intracellular
vanadium exists exclusively as vanadyl, regardless of the oxidation
state of the administered vanadium (Rubinson, 1981) ; and

hydrogen

peroxide is available in vivo (Halliwell and Gutteridge, 1984).
To date, Woltermann et al. (1974) are the only authors who have
linked vanadyl-dependent hydroxyl radical formation to a biological
effect, ATP hydrolysis.

The results presented here indicate that

vanadyl-dependent hydroxyl radical formation is potentially much more
important biologically than has been previously considered.

This

mechanism can readily occur in vivo provided vanadyl and hydrogen
peroxide have access to each other.
previously been discussed.

The availability of vanadyl has

Hydrogen peroxide is also available at low

but detectable levels (Halliwell and Gutteridge, 1984).

Extracel-

lularly, hydrogen peroxide levels approach 5 uM (Yamamoto et al.,
1987), and it can easily diffuse across membranes. Intracellularly,
hydrogen peroxide levels are maintained at 1o-7-1o-9M by catalase and
peroxidases (Freeman and Crapo, 1982).

Intracellular vanadyl, either

free, bound to macromolecules or small molecules, such as ATP, may
produce hydroxyl radical by a 'site-specific' mechanism (Goldstein and
Czapski, 1986). The hydroxyl radical thus formed is suggested to be
the species responsible for NADH oxidation. The site-specific mech-
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anism implies that damage from hydroxyl depends on the site where the
vanadyl

is located.

Hydroxyl radical will react at the site of

formation; it may react with reductant s , such as NADH, or in lipid
microenvironments. Hydroxyl radical may also harmles sly react with
albumin (Halliwell and Gutteridge, 1986), as well as with numerous
other possibilities .
The mechanism proposed by Darr and Fridovich (1984) , in which
vanadate forms a complex with superoxide that is capable of oxidizing
NADH, is not consistent with what is known of the in vivo situation.
Neglecting the obvious fact that vanadate is unavailable, availability
of superoxide intracellularly is also limited .

Superoxide is a

charged molecule that will not diffuse through the nonpolar micro environments, such as membranes, of the cell.

It

is relatively

unreactive (compared to hydrogen peroxide or hydroxyl radical), and
potentially can diffuse long distances from its site of generation in
aqueous media , but superoxide levels intracellularly are estimated to
be lo-ll to Io-12M, due to the high cellular levels of superoxide dismutase (Freeman and Crapo, 1982). The intracellular concentrations of
both vanadate and superoxide appear to be too low for this mechanism
to have in vivo significance.
The interesting aspect of NADH oxidation by vanadate in the presence
of thiols is that my mechanism is consistent with the reported
toxicities of vanadium compounds. Domingo et al . (1986) have

reported

that vanadate is approximately five times more toxic than vanadyl
regardless of the route of administration . Therefore,

the process of

reduction seems to be an important aspect of the toxicity .

These

95
results indicate that reduction of vanadium leads to free radical
processes .

The oxidation of cofactors such as NAD(P)H and thiols

during vanadate-vanadyl conversions may increase a need for additional
reducing agents in cells during adaptation.
in GSH during 24 hours was shown in

A dose-dependent increase

vanadium treatment in intact

cells by Bracken and Sharma ( 1985). It can be argued that the high
cellular content of active oxygen radical scavengers, such as superoxide dismutase and catalase,
toxicity,

may protect cells against vanadium

but vanadium selectively accumulates in organs such as

kidney and liver (Sharma et al., 1980), and in cases of vanadium
poisoning the antioxidant defense mechanisms may be overpowered.
This model provides a consistent representation because antioxidants, such as ascorbic acid, have consistently been shown to alleviate vanadate

toxicity and

have

been

suggested

possible

as

antidotes for vanadium poisoning (Domingo et al., 1986; Jones and
Basinger, 1983; Mitchell and Floyd, 1954).
Perturbing the cellular ratios of reduced and oxidized free thiols
or the ratios of NAD(P)H/NAD(P)+ can lead to profound biological consequences.
vision,

The thiol redox state has been correlated to cell di-

protein

synthesis,

neurotransmitter

action (Chance et al., 1979).
lipogenesis,

monooxygenat ions,

release,

and

insulin

Processes which require NADPH, such as
and

ureogenes is

may

be

likewise

disturbed.
The mechanism for the pathological effects seen after administration
of vanadium compounds, including acute tubular necrosis (Wei et al.,
1982), lipid peroxidation (Donaldson et al., 1985), and the loss of
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reducing equivalents (Bruech et al., 1984) is as yet unknown . The
results of this study require a new examination of many of the toxic
effects reported for vanadium compounds.

In acute toxicity s tudies,

many of the adverse vanadium effects indicate initial membrane damage.
Animals injected with vanadium show renal acute tubular necro s i s and
pulmonary hemorrhage (Wei et al . , 1982), ingestion leads to extensive
mucosal hemorrhage of the small intestine (Hanau s ke et al. , 1982),
exposure by the respiratory route leads to severe pulmonary lesions
(Lee

and

Gillies,

1986).

Cytotoxicity

studies

indicate

initial

membrane damage (Bracken and Sharma, 1985 ; Heller et al . , 1987 ; Wei
and Misra,

1982). There have been no definitive studies performed

showing how vanad i um initially injures membranes,

but it is well

known that hydroxyl radicals are capable of membrane damage leading to
a variety of pathologies (Halliwell, 1987), including lipid peroxidat ion. The i nvo 1vement of hydroxyl radi ca 1s has not been reported in
vanadium toxicity in vivo but has been shown for iron compounds
(Slivka et al., 1985) .
The ability of vanadium compounds to readily change oxidation states
and generate active oxygen species may partially account for vanadium
toxicity .

In a sense, vanadium toxicity is very similar to oxygen

toxicity, in that anima 1s exposed to hyperbaric oxygen show an i mmediate increase in superoxide levels followed by a drop in cellular
NADPH (Mayewsky et a1., 1974).
oxidant

species

such

as

As mentioned by Ha 11 i well

superoxide,

hydrogen

peroxide,

( 1987),
hydroxyl

radical, and lipid peroxides are becoming increasingly prevalent in
many di se ase processes.

An effective treatment for disease , such as
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adult respiratory distress syndrome, involves binding metal ions to
prevent their involvement in radical reactions. The se results have
demonstrated that vanadium is capable of catalyzing many of the same
reactions known for iron and copper , and that its toxicity is consistent with the reported effects of other transition metals (Hall iwe 11 and Gutteri dge, 1984).
Vanadium has diversified effects on a wide variety of biological
The past decade has greatly increased our knowledge of

systems.

vanadium biochemistry,

and yet considerable debate and confusion

arise upon attempting to describe these effects mechanist i ca 11 y.
This study has utilized spectrophotometric and spin-trapping tech niques

to

determine

the

mechanism

for

the

previously-described

vanadium effects of NADH oxidation and lipid peroxidation . The ability
of reduced vanadium to react with hydrogen peroxide and to generate
hydroxyl

radical

has been suggested to be responsible

oxidation and lipid peroxidation .

for NADH

Hydroxyl radical production by

vanadium under physiological conditions may be an important aspect in
many of the diverse

physiological

and

vanadium which are currently unexplained.

toxicological

effects of

98
LITERATURE CITED

ADAM-VIZ! , V., VARADI, G. AND SIMON, P. (1981) .

Reduction of vanadate

by ascorbic acid and noradrenaline in synaptosomes.

J . Neurochem .

36, 1616-1620.
AUST, S. D. AND SVINGEN, B.A. (19B2) . The role of iron in enzymatic
1 ipid peroxidation .

In Free Radicals in Biology, Vol. V (W . Pryor ,

Ed.), pp. 1-28. Academic Press, New York.
BEYHL, F. E. (1982).
ties

of

hepatic

Action of ammonium meta-vanadate on the actividrug-metabolizing

enzymes

in

vitro .

Biochem.

Pharmacal. 31, 1458-1461.
BEYHL, F.E . (1985).

Effects of vanadyl sulphate on hepatic microsomal

drug-metabolizing enzymes
oxidases.
BENABE,

in vitro:

inhibition of mixed-function

IRCS Med. Sci. 13, 313-314.

J.E .,

ECHEGOYEN ,

L.A.

AND MARTINEZ-MALDONADO ,

Mechanism of inhibition of glycolysis by vanadate .

M.

(1987) .

Adv . Exp. Med.

Biol . 208, 517-528.
BERNHEIM, F. AND BERNHEIM, M. L.C . (1939). The action of vanadium on
the oxidation of phospholipids by certain tissues.

J . Biol. Chern.

127, 353-360.
BIELSKI,

B.H.J.

(1982) . Chemistry of ascorbic acid radicals. Adv .

Chern . Ser. 200, 81-100.
BIELSKI,

B.J.H .

(1985).

Fast kinetic studies of dioxygen-derived

species and their metal complexes.
311 , 473-482 .

Philos. Trans. R. Soc. Land. B

99
BIELSKI, B.H.J . AND ALLEN , A.O. (1977).

Mechanism of the di spro -

portion of superoxide radical s. J . Phys . Chern. 81, 1048-1050.
BIELSKI, B.H.J . , ARUDI, R.L. AND

CABELL! , D. E. (1984) . Spect r a

and

kinetic properties of the products re sulting from reaction s of
H02/ 02-with manganese(!!) complexes .

In Oxygen Radicals in Chemis-

t r y and Biochemistry, (W . Bors , M. Saran and D. Tait , Eds . ) , pp . 1-22 .
Walter de Gruyter and Co., Berlin .
BOYD , D.W. AND KUSTIN , K. (1984) . Vanadium : a versatile bioch emical
effector with an elu s ive biological function . Adv. Inorg. Biochem .
6, 311 -365.
BRACKEN, W.M. AND
tions

SHARMA, R. P. (1985) . Cytotoxi city-related altera-

of selected cellular functions

after

in

vitro

vanadate

exposure . Biochem . Pharmacol . 34 , 2465 -2470 .
BRISKIN , D. P., THORNLEY , W.R. AND

POOLE , R.J. (1985) . Vanadate-de -

pendent NADH oxidation in microsomal membranes of sugar beet. Arch .
Biochem . Biophys. 236 , 228-237.
BROOKS H. B. AND

SICILIO, F. (1971). Electron spin resonance kineti c

studies of the oxidation of vanadium(IV) by hydrogen peroxide.
Inorg. Chern . 10, 2530-2534 .
BROWN , B.J . AND GORDON , J.A . (1984).

The stimulation of pp6ov- src

kinase activity by vanadate in intact cells accompanies a new phosphorylation state of the enzyme . J. Biol. Chern. 259, 9580-9586 .
BRUECH, M. , QUINTANILLA , M.E . , LEGRUM, W. , KOCH, J . , NETTER, K.J . AND
FUHRMANN, G. F. (1984) . Effects of vanadate on intracellular reduct i on equivalents in mouse liver and the fate of vanadium in plasma,
erythrocytes and liver. Toxicology 31 , 283-295 .

100
BUEGE, J .A. AND AUST, S. D. (197B) .

Micro somal lipid pero xidation .

Methods Enzymol . 52 , 302-309 .
CANTLEY, L. C. , JOSEPHSEN, L., WARNER, R. , YANAGISWA , M., LECHENE, C.
AND GUIDOTTI , G.

(1977).

Vanadate is a potent (Na,K)-ATPa se in-

hibitor found in ATP derived from muscle .

J. Biol. Chern. 252 , 7421 -

7423 .
CARPENDER,

G.

(1981) .

Vanadate,

s timulation of DNA synthesis.

epidermal

growth factor and the

Biochem. Biophys. Res. Commun . 102,

1115-1121.
CATALAN, R. E., MARTINEZ , A. M. , ARAGONES, M.D., ROBLES, A. AND MIGUEL ,
B. G. (1987) . Alterations in brain lipid composition caused by vanadate. Life Sci. 40, 799-806.
CHALLISS,

R.A.J.,

NEWSHOLME ,

E.A .

LEIGHTON,

B. ,

LOZEMAN ,

(1987) .

Effects

F.J. ,

BUDOHOSKI,

L. AND

of chronic administration of

vanadate to the rat on the sensitivity of glycolysis and glycogen
synthesis in skeletal muscle to insulin.

Biochem . Pharmacal . 36 ,

357-361.
CHANCE, B. , SIES, H. AND BOVERIS, A. (1979) .

Hydroperoxide metabolism

in mammalian organs. Physiol. Rev. 59, 527-605 .
CHASTEEN, N.D . (1981) . Vanadyl (IV) EPR spin probes. Inorganic and Biochemical aspects .

In Biological Magnetic Resonance (L.J . Berliner

and J . Reuben, Eds . ) , pp. 53-119 . Plenum Press , New York.
CHASTEEN, N.D. (1983). The biochemistry of vanadium. Struct . Bonding
(Berlin) 53, 107-137 .
CHASTEEN, N. D.,

LORD, E.M., THOMPSON, H. J . AND GRADY, J . K. (1986).

101
Vanadium complexes of transferrin and ferritin in the rat . Biochim.
Biophys. Acta 884, 84-92.
COLLETT, M.S., BELZER, S.K. AND KAMP, L. E. (1984) .

Enzymatic charac -

teristics of pp6ov -src isola ted from vanadi urn-treated transformed
cells. J. Cell . Biochem. 26, 95-106.
COULOMBE , R.A. , BRISKIN,
SHARMA,

R. P.

nucleotides

(1987) .

D.P . , KELLER,

R.J.,

Vanadate-dependent

in rat liver microsomal

THORNLEY,

oxidation

W.R.

AND

of

pyridine

membranes . Arch .

Biochem.

Biophys . 255,267-273 .
CRANE, F.L . , MACKELLAR, W.C., MOORE, O.J . , RAMASARMA, T., GOLDENBERG,
H., GREBING, C., AND

LOW, H. (1980) . Adriamycin affects plasma

membrane redox functions. Biochem. Biophys. Res. Commun. 93, 746754 .
CZAPSKI , G. (1984). Reaction of ·OH. Methods Enzymol. 105, 209 - 215.
DARR, D. AND

FRIDOVICH, I. (1984). Vanadate and molybdate stimulate

the oxidation of NADH by superoxide radical. Arch . Biochem. Biophys .
232, 562-565.
DARR,

D.

AND FRIDOVICH,

I.

(1985).

Vanadate enhancement of the

oxidation of NADH by 02- : effects of phosphate and chelating
agents. Arch. Biochem. Biophys. 243, 220-227.
DICK, D.A., NAYLOR, G.J. AND DICK, E.G . (1982).

Plasma vanadium

concentration in manic depressive illness. Psychol. Med. 12 , 533537.
DJORDJEVIC, C. AND WAMPLER, G. L.

(1985).

Antitumor activity and

toxicity of peroxo heteroligand vanadates(V) in relation to biochemistry of vanadium.

J. Inorg. Biochem.

25, 51-55 .

102
DODION, P., BERNSTEIN, A.L., FOX, B.M . AND BACHUR, N.R. (1987).

Lo ss

of fluorescence by anthracycline antibiotics; effects of xanthine
oxidase and identification of the nonfluorescent metabolite s. Cancer
Res. 47 , 1036-1039 .
DOMINGO, J . L.,

LLOBET , J.M ., TOMAS, J.M . AND CORBELLA, J . (1985).

Short-term toxicity studies of vanadium in rats . J. Appl . Toxicol.
5, 418-421.
DOMINGO, J . L., LLOBET, J.M, . TOMAS , J.M . AND

CORBELLA , J . (1986) .

Influence of chelating agents on the toxicity, distribution and
excretion of vanadium in mice. J . Appl . Toxicol. 6, 337-341.
DONALDSON, J, . HEMMING , R. AND LABELLA, F. (1985) . Vanadium exposure
enhances lipid peroxidation in the kidneys of rats and mice .

Can.

J . Physiol. Pharmacal . 63, 196-199.
DONALDSON,

J . AND

LABELLA,

F.

(1983) .

Prooxidant properties of

vanadate in vitro on catecholamines and on lipid peroxidation by
mouse and rat tissues . J . Toxicol . Environ. Health 12, 119-126 .
DUBYAK, G. R. AND KLEINZELLER, A. (1980).
of vanadate in isolated rat adipocytes .

The insulin-mimetic effects
J. Biol . Chern. 255, 5306-

5312 .
ENGLISH,

L.H. , MACARA,

stimulates the

(Na,K)

blocks erythropoiesis .

!.G. AND CANTLEY,
pump

L. C.

(1983) .

Vanadium

in Friend erythroleukemia cells and

J. Cell Biol. 97, 1299-1302 .

ERDMANN, E. , KRAWEITZ , W., PHILLIP, G., HACKBARTH, I., SCHMITZ, W.,
SCHOLZ, H. AND

CRANE, F. L. ( 1979) . Purified cardiac cell membranes

with high (Na,K)ATPase activity contain significant NADH-vanadate
reductase activity. Nature 282, 335-336 .

103
ERDMANN, E. , KRAW I ETZ, W. , HACKBARTH , I. , SCHMITZ, W. AND SCHOLZ, H.
(19Bl) . Importance of cardiac cell membranes in vanadate-induced
NADH oxidation. Nature 294, 288 .
ERDMANN, E. , WERDAN , K., KRAWIETZ, W., SCHMITZ W. AND SCHOLZ, H.
(1984). Vanadate and its significance in biochemistry and pharmacology. Biochem. Pharmacal. 33, 945-950 .
FINKELSTEIN, E., ROSEN, G.M. AND RAUCKMAN, E.J . (1982) .
hydroxyl

radical

by

decomposition

of

superoxide

Production of
spin-trapped

adducts. Mol . Pharmacal. 21, 262-265 .
FREEMAN,

B.A. AND CRAPO,

J.D .

(1982) . Biology of disease . Free

radicals and tissue injury. Lab. Invest . 47, 412-426 .
GODDARD, J.B. AND GONAS, A.M . (1973).

Kinetics of the dissociation of

decavanadate ion in basic solution. Inorg. Chern . 12, 574-579.
GOLDENBERG, H. (1982) . Plasma membrane redox activities . Biochim .
Biophys. Acta 694, 203-223 .
GOLDSTEIN, S. AND CZAPSKI, G. (1986). The role and mechanism of metal
ions and their complexes in enhancing damage in biological systems
or in protecting these systems from the toxicity of 02- . J. Free
Radicals Biol. Med. 2, 3-11.
GROVER, T.A. AND PIETTE, L.H. (1981).

Influence of flavin addition

and removal on the formation of superoxide by NADPH-cytochrome P-450
reductase; a spin trap study. Arch. Biochem. Biophys. 212, 105 -114 .
HALLIWELL, B.W. (1987).
cepts.

Oxidants and human disease: some new con-

FASEB J . I, 358-364.

HALLIWELL, B.W. AND GUTTERIDGE, J.M.C. (1984). Oxygen toxicity, oxygen
radicals, transition metals and disease . Biochem . J . 219, 1-14 .

104
HALLIWELL, B. AND GUTTERIDGE, J.M.C. (19B6). Oxygen free radicals and
iron in relation to biology and medicine: some problems and concepts. Arch . Biochem. Biophys. 246 , 501 -514.
HANAUSKE, U., HANAUSKE, A.R., MARSHALL, M.H., MUGGIA, V.A . AND VON
HANSARD, S.L., AMMERMAN, C.B ., HENRY, P.R . AND SIMPSON, C.F. (1982) .
Vanadium metabolism in sheep . I. Comparative and acute toxicity of
vanadium compounds in sheep. J. Anim. Sci. 55, 344-356.
HANSEN, T. V. , AASETH, J. AND ALEXANDER, J. (1982) .

The effect of

chelating agents on vanadium distribution in the rat body and on
uptake by human erythrocytes.

Arch. Toxicol. 50, 195-202.

HARADA, K. AND YAMAZAKI, I. (1987).

Electron spin resonance spectra

of free radicals formed in the reaction of metmyoglobins with ethylhydroperoxide. J. Biochem. 101, 283-286.
HARVEY, M.J. AND KLAASSEN, C.D. (1983) . Interaction of metals and
carbon tetrachloride on

lipid peroxidation

and

hepatotoxicity.

Toxicol . Appl. Pharmacal. 53, 316-322.
HEIDE, M.,

LEGRUM, W., NETTER, K.J. AND

FUHRMANN, G.F.

(1983).

Vanadium inhibits oxidative drug demethylation in vivo in mice .
Toxicology 26, 63-71.
HEINZ, A., RUBINSON, K.A. AND GRANTHAM, J.J. (1982).

The transport

and accumulation of oxyvanadium compounds in human erythrocytes in
vitro.

J. Lab. Clin. Med. 100, 593-612.

HELLER, K. B., JAHN, B. AND DEUTICKE, B. (1987). Peroxidative damage in
human erythrocytes induced by a concerted action of i odoacetate,
vanadate and ferricyanide. Biochim. Biophys. Acta 901, 67-77.

105
HEYLIGER, C.E., TAHILIANA, A.G. AND MCNEILL , J . H. (1985).

Effect of

vanadate on elevated blood glucose and depressed cardiac performance
of diabetic rats. Science 277 , 1474-1477 .
HOPKINS,

L. L. AND MOHR,

nutrient. Fed . Proc.

H.E.

(1974) .

Vanadium as

an essential

33, 1773 - 1775 .

INOUYE, B., MORITA, K. , ISHIDA , T. , AND OGATA , M. (1980) . Cooperative
effect of sulfite and van ad i urn compound s on lip i d peroxi dati on.
Toxicol. Appl . Pharmacal. 53, 101-107 .
JANDHYALA, B. S. AND

HOM , G. J . (1983) . Physiological and pharmaco-

logical properties of vanadium . Life Sci . 33, 1325-1340.
JONES, M. M. AND

BASINGER, M.A. (1983). Chelate antidotes for sodium

vanadate and vanadyl

sulfate

intoxication in mice . J . Toxicol.

Environ. Health 12, 749 - 756 .
JONES, T. R. AND REID, T.W. (1984) .

Sodium orthovanadate stimulation

of DNA synthesis in Nakano mouse lens epithelial ce 11 s in se rumfree medium .

J . Cell. Physiol . 121, 199-205 .

KADOTA, S., FANTUS, G. , DERAGON, G., GUYDA, H. J. AND POSNER , B.!.
(1987) .

Stimulation of insulin-like growth factor

II

receptor

binding and insulin receptor kinase activity in rat adipocytes.
Effects of vanadate and H202. J . Biol . Chern. 262 , 8252-8256.
KAPPUS,

H.

(1985) .

Lipid

peroxidation : mechanisms,

analysis,

en-

zymology and biological relevance . In Oxidative Stress (H . Sies ,
Ed.), pp. 273-310. Academic Press, London.
KELLER, R. J., COULOMBE, R.A., SHARMA, R. P., GROVER, T.A. AND PIETTE ,
L.H. (1988) .

The importance of hydroxyl radical in the vanadium-

stimulated oxidation of NADH . Free Radicals Biol. Med., in press .

106
KHANDKE, L. , GULLAPALLI, S., PATOLE M.S . AND RAMASARMA , T. (1986).
Vanadate-stimulated NADH oxidation by xanthine oxidase, an intrinsic
property. Arch. Biochem. Biophys . 244 , 742-749.
KINGSNORTH, A. N., LAMURAGLIA, G.M., ROSS, J .S. AND R.A . MALT . (1986) .
Vanadate supplement s and 1,2-dimethylhydrazine-induced colon cancer
i n mice ; increased thymidine incorporation without enhanced carc i nogenesis .
KOPF-MAIER,

Br. J. Cancer 53, 683-686.
P. AND FUNKE -KAISER,

metallocene dichlorides .

P.

(1986) .

Organ

to xicity of

The effect of (C2H2l2VCl2 on renal struc-

ture . Toxicology 38, 81-90 .
KOPF-MAIER, P. AND KRAHL , D. (1983) .

Tumor inhibition by metallo-

cenes ; ultrastructural localization of titanium and vanadium in
treat ed tumor cells by electron energy lass spectroscopy. Chern.Biol . Interact. 56 , 45-54.
KOPF-MAIER, P. WAGNER, W. AND L!SS, E. (1983) .

Induction of cell

arrest at G1/ S and in G2 after treatment of Ehrlich ascite s tumor
cells with metallocene dichlorides and cis-platinum in vitro . ,L_
Cancer Res . Cl in. On col. 106 , 44-52.
KUSTIN, K. AND MCLEOD, G. C., GILBERT , T.R . AND BRIGGS, L.R . (1983) .
Vanadium and other metal ions in the physiological ecology of marine
organ isms . Struct . Bonding (Berlin) 53, 139-160.
KUSTIN, K. AND TOPPEN, D.L. (1973). Reduction of vanadium(V) by Lascorbic acid . Inorg. Chern. 12, 1404-1407 .
KUWAHARA, J . SUZUKI, T. AND SUGIURA , Y. (1985) . Effective DNA cleavage
by bleomycin-vanadium(IV) complex plus hydrogen peroxide . Biochem .
Biophys . Res. Commun . 129, 368-374.

107
LAGERKVIST,

B., NORDBERG, G.F., AND VOUK, V.

(1986). Vanadium.

In

Handbook on the Toxicology of Metals (L. Friberg, G.F. Norberg and
V. Vouk, Eds.}, pp. 638-663. Elsevier Science Publishers, .
LA!, C.S. AND PIETTE, L.H. (1978).

Spin-trapping studies of hydroxyl

radical production involved in lipid peroxidation .

Arch. Biochem.

Biophys. 190, 27-38 .
LEGRUM, W.

(1986). The mode of reduction of vanadate(+V) to oxo-

vanadium(+IV) by glutathione and cysteine . Toxicology 42, 281-289.
LEE, K.P.

AND GILLIES,

P.J.

(1986). Pulmonary response and intra-

pulmonary lipids in rats exposed to bismuth orthovanadate dust by
inhalation . Environ. Res. 40, 115-135 .
LIOCHEV, S. AND FR!DOVICH, I. (1985). Further studies of the mechanism
of the enhancement of NADH oxidation by vanadate. J. Free Radicals
Biol. Med. 1, 287-292 .
LIOCHEV, S. AND FRIDOVICH, I. (1986). The vanadate-stimulated oxidation of NAD(P)H by biomembranes is a superoxide-initiated free
radical chain reaction.
LIOCHEV,

S. AND

Arch. Biochem. Biophys . 250, 139-145 .

FRIDOVICH,

I.

(1987a). The oxidation of NADH by

tetravalent vanadium. Arch. Biochem. Biophys. 255, 274-278.
LIOCHEV, S. AND

FRIDOVICH,

I.

(1987b}. The oxidation of NADH by

vanadate plus sugars . Biochim. Biophys. Acta 294, 319-322.
LLOBET, J.M. AND DOMINGO, J.L.

(1984). Acute toxicity of vanadium

compounds in rats and mice. Toxicol. Lett. 23, 227-231.
LUTEROTTI,

S.

AND GRDINIC,

V.

(1986).

Spectrophotometric deter-

mination of vanadium(V) with desferrioxamine B.
1165 .

Analyst 111, 1163-

108
MACARA, ! . G., KUSTIN, K. AND CANTLEY, L.C. (1980). Glutathione reduces
cytoplasmic vanadate : mechanism and physiological implications.
Biochim. Biophys . Acta 629, 95-106.
MARTELL,

T.

( 1982) .

Che 1ates of ascorbic acid : formation and

catalytic properties. Adv . Chern . Ser . 200, 153-178 .
MAYEWSKY, A., JAMEISON, D. AND CHANCE, B. (1974) .

Oxygen poisoning in

the unanesthetized brain; correlations of the oxidation-reduction
state of the pyridine nucleotide with electrical activity . Brain
Res. 76 , 4B1-491.
MENON, A.S ., RAU, U., RAMASARMA, T. AND CRANE, F.L. (1980) . Vanadate
inhibits mevalonate synthesis and activates NADH oxidation in
microsomes . FEBS Lett. 114, 139-141.
MEYEROVITCH, J . , FARFEL, Z. , SACK, J ., AND SCHECHTER, Y. (1987) .

Oral

administration of vanadate normalizes blood glucose levels in
streptozotocin-treated rats.

J . Biol. Chern. 262, 6658-6662.

MITCHELL, W.G. AND FLOYD, E.P. (1954).

Ascorbic acid and ethylene

diamine tetraacetate as antidotes in experimental vanadium poisoning. Proc. Soc. Exp. Biol. Med. 85, 206-208 .
MULDOON, L.L., JAMIESON, G.A., AND VILLEREAL, M. L. (1987) .
mobilization in permeabilized fibroblasts:

Calcium

effects of inositol

triphosphate, orthovanadate, mi tog ens, phorbo 1 ester, and guanosine triphosphate.

J. Cell. Physiol. 130, 29-36 .

NAYLOR, G.J. , CORRIGAN, F.M., SMITH, A.H.W., CONNELLY, P. AND WARD,
N. J. (1987).

Further studies of vanadium in depressive psychosis.

Br. J . Psychiatry 150, 656-661.

109
NECHAY, B.R . , NANNINGA, L.B . AND NECHAY, P. S. E. (1986a) .
and vanadate(V)
boxyl,

and

Vanadyl(IV)

binding to selected endogenous phosphate, car-

amino

ligands;

calculations

of

cellular

vanadium

species distribution. Arch. Biochem. Biophys. 251, 128-138.
NECHAY, B.R., NANNINGA, L.B ., NECHAY, P.S.E . , POST , R. L., GRANTHAM,
J.J ., MACARA, !.G ., KUBENA, L.F., PHILLIPS, T.D . AND NIELSEN, F. H.
(1986b) . Role of vanadium in biology . Fed. Proc . 45, 123-132.
NIEVES,

J. ,

KIM,

L.,

PUETT,

D. ,

MARTINEZ-MALDONADO, M. (1987).
dulin-vanadyl complexes.
NORTH,

P. AND POST , R.L.

ECHEGOYEN ,

L.,

BENABE ,

J.,

AND

Electron spin resonance of calmo-

Biochemistry 26, 4523-4527 .
(1984).

Inhibition of (Na,K) -ATPase by

tetravalent vanadium. J . Biol. Chem. 259 , 4971-4978.
PARKER,

R.D.R. , SHARMA, R.P . AND MILLER, G.W.

plants,

(1978) . Vanadium in

soil, and water in the Rocky Mountain region and its

relationship to industrial

operations .

In Trace Substances

in

Environmental Health (D . O. Hemphill, Ed.), pp. 340-350 . University
of Missouri, Columbia, Missouri.
PIETTE, L.H., BAXLEY, L.H., GROVER, T.A. AND HARWOOD, P.J. (1984) . A
comparative kinetic study of the initiation of lipid peroxidation
with OH radicals and ferrous iron . In Oxygen Radicals in Chemistry
and Biology (W . Bors , M. Saran and D. Tait, Eds . ) , pp . 273-310.
Academic Press, London.
RAMASARMA, T. AND CRANE, F. L. (1981). Does vanadium play a role in
cellular regulation? Curr. Topics Cell. Regul. 20 , 247 -301 .

110
RAMASARMA,

T.,

MACKELLER , W.C.

AND CRANE,

F. L.

{1981) . Vanadate -

s timulated NADH oxidation in pla sma membrane . Bi ochim. Biophy s.
Acta 646, 88-98.
ROSE, B., YADA, T. AND LOEWENSTEIN, W.R . (1986).

Downregulation of

cell-to-cell communication by the viral src gene i s blocked by
TMB -8 and recovery of communication is blocked by vanadate .

,L_

Membr . Biol . 94 , 129 - 142 .
ROSEN, G.M. AND RAUCKMAN , E. J. (1981) .

Spin trapping of free-radical s

during microsomal lipid peroxidation .

Proc. Nat . Acad . Sci . USA

78, 7346-7349 .
ROWLEY , D.A AND HALLIWELL, B. (1982) .

Superoxide -dependent formation

of hydroxyl radi cals in the presence of thi o l compounds .

FEBS

Lett. 138 , 33 -36.
RUBINSON,

K.A. (1981) . Concerning the form of biochemically-active

vanadium . Proc . R. Soc . London, B 212, 65 -84 .
RUSH , J . D. AND BIELSKI , B. J . H. (1985) . Kinetics of the reaction of H02
with oxy - and peroxyvanadium compounds .

A pulse radiolysis and

stopped-flow study. J . Phys . Chern . 89, 1524-1528.
RYDER,

J . W. AND GORDON , J .A.

(1987) .

In vivo effect of sodium

orthovanadate on pp6oc-src kinase . Mol. Cell . Biol. 7, 1139-1147.
SABBIONI , E., CLERIC! , L. AND BRAZZELL!, A. (1983) .

Different effec ts

of vanadium ions on some DNA-metabolizing enzymes.
Environ. Health 12 , 737-748.

J . Toxicol.

Ill
SAEZ, G., THORNALLEY, P., HILL, H., HEMS, R. AND BANNISTER, J . (1982) .
The production of free radicals during the autoxidation of cysteine
and their effect on isolated rat hepatocytes.

Biochim . Biophys .

Acta 719, 24-31 .
SAKURAI, H., GODA, T. AND SHIMOMURA, S. (!982a) . 3lp_ and 13c-NMR
study of the ATP(adenosine triphosphate)-vanadyl complex . Biochem.
Biophys . Res. Commun. 108 , 474-478.
SAKURAI, H., GODA, T., SHIMOMURA, S. AND YOSHIMURA, T. (1982b). ATP
(adenosine triphosphate)-vanadyl complex . Biochem. Biophys . Res.
Commun. 104, 1421-1426 .
SAKURAI,

H., SHIMOMURA,

S.,

FUKUZAWA, K. AND ISHIZU, K. (1980).

Detection of oxovanadium(IV) and characterization of its 1igand
environment in subcellular fractions of the liver of rats treated
with pentavalent vanadium (V).

Biochem. Biophys. Res. Commun. 96,

293-298.
SAKURAI, H. AND SHIMIMURA, S. AND ISHIZU, K. (1981) .
vanadate(V)

to oxovanadium(IV)

Reduction of

by cysteine and mechanism and

structure of the oxovanadium(IV)-cysteine complex subsequently
formed.

Inorg. Chim. Acta 55, L67-L609 .

SAMUNI, A. AND CZAPSKI, G. (1970).

Complexes of peroxy radical with

transition metal ions . J . Phys. Chern. 74 , 4592-4594.
SAWYER, D.T., RICHENS, D.T., NANNI, E.J. AND STALLINGS, M. D. (1979) .
Redox reaction chemistry of superoxide ion. In Chemical and Biochemi ca 1 Aspects of Superoxi de and Superoxi de Di smutase, (J. V.
Bannister and

H.O.A .

Holland, New York.

Hill,

Eds . ),

pp.

1-25.

Elsevier/ North-

112
SCHIFF, L. J. AND GRAHAM, J . A. (1984).

Cytotoxic effect of vanadium

and oil-fired fly ash on hamster tracheal epithelium.
Res .

Environ.

34, 390-402.

SEARLE, A.J.F. AND TOMASI, A. (1982) . Hydroxyl free radical production
in

iron-cysteine

solutions

and protection by zinc.

J.

Inorg.

Biochem. 17, 161-166 .
SHARMA, R. P. , COULOMBE, R. A. AND SRISUCHART, B. (1986).

Effects of

dietary vanadium exposure on levels of regional brain neurotrans mitters and their metabolites.
SHARMA, R. P., OBERG,

Biochem. Pharmacol. 35, 461-465.

S.G. AND PARKER, R. D. R.

(1980). Vanadium re-

tention in rat tissues following acute exposure to different dose
levels. J. Toxicol. Environ. Health 6, 45-54.
SLIVKA, A., KANG, J. AND COHEN, G. (1985). Hydroxyl radicals and the
toxicity of oral iron. Biochem. Pharmacol. 35, 553-556.
SMITH, J.B. (1983) .

Vanadium ions stimulate DNA synthesis in Swi ss

mouse 3T3 and 3T6 cells.

Proc. Natl. Acad . Sci . USA 80, 6162 -

6166 .
SMITH , T.D., BOAS, J . F. AND PILBROW, J . R. (1974).

An electron spin

resonance study of certain vanadyl po lyami nocarboxyl ate che 1ates
formed in aqueous and frozen aqueous so 1uti ons.

Aust. J. Chern .

27, 2535-2545.
STACEY, N.H . AND KAPPUS, H. (1982). Comparison of methods of assessment of meta 1- induced 1 i pi d peroxi dati on in i so 1a ted rat hepatocytes. J. Toxicol. Environ . Health 9, 277-285.
STACEY, N. H. AND KLAASSEN, C.D. (1981). Comparison of the effects of
metals on cellular injury and 1 ipid peroxidation in isolated rat

113
hepatocytes. J. Toxicol. Environ. Health 7, 139-147.
STOKINGER, H. E.

( 1982).

Vanadi urn . In Jndustri al Hygiene and To xi-

£QlQgy (F . A. Patty, Ed), pp . 2013 - 2033. Interscience, New York.

SVOBODA, P., TEISINGER , J . AND VYSKOCIL, F. (1984). Vanadyl-induced
l ipoperoxidation in the brain microsomal fraction is not related
to

vanadyl

inhibition of Na,K-ATPase . Biochem.

Pharmacal . 33,

2493-2497.
THOMPSON,

R. C.

(1983).

Oxidation of peroxovanadium(V) , V03+,

acidic aqueous solution.
THOMPSON,

H. J.,

CHASTEEN,

in

Inorg. Chern. 22, 584-588.
N. D. AND MEEKER,

L.D.

(1984) .

Dietary

vanadyl (IV) sulfate inhibits chemically-induced mammary carcinogenesis.

Carcinogenesis 5, 849-851.

TONEY, J . H., MURTHY, M.S. AND MARKS, T.J. (1985).

Biodistribution and

pharmacokinetics of vanadium following intraperitoneal
tration of vanadocene dichloride to mice.

adminis-

Chem.-Biol. Interact.

56, 45-54.
TRACEY, A. S. AND GRESSER, M. J. (1986) .

Interaction of vanadate with

phenol and tyrosine: implications for the effects of vanadate on
systems regula ted by tyrosine phosphorylation. Proc . Nat l . Acad.
Sci. USA 83, 609-613.
TROLL, W. AND WIESNER, R. (1985).
possible

mechanism

of

tumor

The role of oxygen radicals as a
promotion.

Ann.

Rev .

Pharmacal.

Toxicol. 25, 509-528.
VIJAYA, S., CRANE, F.L. AND RAMASARMA, T. (1984). A vanadate-stimulated NADH oxidase in erythrocyte membrane generates hydrogen peroxide. Mol. Cell. Biochem. 62, 175-185 .

114
VIJAYA,

S.

AND

oxidation

RAMASARMA , T.

of NADH

(1984) .

Vanadate

to generate hydrogen

stimulates

peroxide . J.

the
Inorg .

Biochem . 20, 247-254 .
VYSKOCIL , F., DLOUHA, H. AND TEISINGER , J . (1981) . Matters arising
reply. Nature 294 , 288.
VYSKOCIL, F., TEISINGER, J. AND DLOUHA, H. (1980) . A specific enzyme
i s not neces sary for vanadate-induced oxidation of NADH . Nature
286, 516 - 517.
WATERS, M.D . (1977) . Toxicology of vanadium . In Toxicology of Trace
Elements (R. Goyer and M. Mehlman, Eds . ), pp . 147-189.

Hemisphere

Publishing Co ., Washington.
WEI, C. !., AL BAYATI, M.A., CULBERTSON, M. R. , ROSENBLATT, L. S. AND
HANSEN, L.D. (1982) .

Acute toxicity of ammonium metavanadate in

mice. J. Toxicol. Environ . Health 10, 673-687 .
WEI, C. AND MISRA , H. P. (1982). Cytotoxicity of ammonium metavanadate
to cultured bovine alveolar macrophages. J . Toxicol.

Environ.

Health 9, 995-1006.
WEI, H.J., LUO, X.M. AND YANG, S. P.

(1985).

Effects of molybdenum

and tungsten on mammary carcinogenesis in Sprague-Dawley rats.

~

Nat . Cancer Inst. 74, 469-473.
WEVER , R., DE BOER , E., PLAT, H. AND KRENN, B. E. (1987).

Vanadium- an

element involved in the biosynthesis of halogenated compounds and
nitrogen fixation. FEBS Lett. 216, 1-3.
WILLIAMS,

N.H.

AND YANDELL, J .K. (1985) .

Reduction of oxidized

cytochrome c by ascorbate ion. Biochim . Biophys. Acta 810 , 274277.

115
WITKOWSKA, D. AND BRZYZWISKI, J. (1979).
adrenaline,

dopamine

vanadium poisoning.
WOLTERMANN,

G.M.,

and

Alteration in brain nor-

5-hydroxytryptamine

levels

during

Pol. J. Pharmacol. 31, 393-398.

SCOTT,

R.A.

AND HAIGHT,

G.P.

(1974) .

On

the

coupling of adenosine triphosphate hydrolysis to a simple inorganic redox system vo+2 + H202 . J. Am. Chern. Soc. 96, 7569-7570 .
YAMAMOTO,

Y.,

BRODSKY,

M.H.,

BAKER,

J . C. AND AMES, B. N.

(1987).

Detection and characterization of lipid hydroperoxides at picomole
levels by high-performance liquid chromatography.

Anal . Biochem.

160, 7-13.
YOUNES, M., ALBRECHT, M. AND SIEGERS, C.F . (1984).

Lipid peroxidation

and lysosomal enzyme release induced by vanadate in vitro.
Commun. Chern. Pathol. Pharmacol.

43, 487-495.

Res.

116
VITA
Randal J . Keller
Candidate for the Degree of
Doctor of Philosophy
EDUCATION
Ph.D . in Toxicology, ca. February, 1988; Utah State University,
Logan , UT.
M. S. in Toxicology, 1984; Utah State University , Logan, UT .
B.A. in Chemi stry , 1979 ; Eisenhower College , Seneca Falls, NY.
Di ssertation: Interactions of Vanadium Compounds with
Reducing Equivalent s: Possible Mechani sms of
Toxicity and Alterations in Metabolism .
The s is :

In Vitro and In Vivo Effect s of Vanadate on K+Dependent Phosphatase Activities from Subcellular
Fraction s of Brain , Kidney and Liver.

RESEARCH AND EXPERIENCE
NIEHS Predoctoral Trainee in Toxicology : June 1984 -present;
Toxicology Program, Utah State University .
Re search Technician: United States Department of Agriculture
Crops Research Laboratory, Logan, UT, September 1983 June 1984 .
Summer Intern: Food and Drug Administration, Bureau of Foods ,
Division of Toxicology, Contaminants and Natural
Toxicants Evaluation Branch , Washington , D. C., June
1983-September 1983.
Graduate Teaching and Research Assistant : Interdepartmental
Toxicology Program, Utah State University, Logan , UT ,
September 1981-June 1983 .
Teaching Assistant : Department of Chemistry, University of
Tennessee, Knoxville, TN, September 1979-June 1980 .
Undergraduate Training: Included a strong background in
mathematics, literature, music and language.

117
PUBLI CATIONS AND PRESENTATIONS
Keller , R.J. , R.A. Coulombe, R. P. Sharma, T.A. Gro ver and
L.H.
Piette . 1987 . Importance of hydroxyl radi cal in the
vanadiumstimulated oxidation of NADH. Free Radical
Biology and Medicine . In Press .
Keller, R,J . , R.A . Coulombe , R. P. Sharma . T.A Grover and
L. H. Piette . Vanadium Compounds Stimulate the Oxidation of
NADH in the Presence of Thiols . Manuscript in prepa ration .
Keller, R.J . , R. P. Sharma, T. A. Grover and L.H. Piette.
Vanadyl stimulated lipid peroxidation . Manus crip t
preparation .

in

Keller , R.J . and R. P. Sharma. 1985 . In Vitro and In Vivo
Effects of Vanadate on K+-Dependent Pho sphatase Activitie s
from Subcellular Fractions of Bra i n, Kidney and Liver .
Toxicology Letters 26: 9-14.
Coulombe , R.A . , D. P. Briskin, R.J. Keller and R. P. Sharma .
1985. Vanadate-dependent NADPH oxidation in Rat Liver
Microsomal Membranes . Arch . Biochem . Biophys . 255 , 267 - 273.
Daie, J . , R. Keller , and R. Wyse. 1984 . Regulation of
Sucrose Metabolism in Leaf Tissue . Plant Phys . 75(15) :69 .
AWARDS AND HONORS
First Place Student Presentation, Metal s Speciality Section,
Society of Toxicology Meeting, New Orlean s , LA, March 1986 .
Best Student Presentation, Mountain -West Regional Chapter,
Society of Toxicology, Albuquerque , NM, October , 1985 .
Presidential Fellow, Utah State University , 1980 - 1981 .
Undergraduate Degree in Chemistry received cum laude, 1979 .
PERSONAL
Born November 22 , 1957 ; Salem IN .

